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Abstract

This study investigated the sensitivity, reversibility, and selectivity

response of the thin-film coatings used on the interdigitated gate electrode,

field-effect transistor (IGEFET) gas microsensor. These responses were

quantified based on the dc resistance changes and frequency-domain

responses of the microsensor. The thin-film materials included: copper

phthalocyanine (CuPc), nickel phthalocyanine (NiPc), and cobalt

phthalocyanine (CoPc). The challenge gases included: diisopropyl

methlyphosphonate (DIMP), dimethyl methlyphosphonate (DMMP),

nitrogen dioxide (N02), ammonia (NH3), and boron trifluoride (BF3).

Tests of CuPc thin-films and N02 challenges established the primary set of

test parameters expected to maximize the selectivity, sensitivity, and

reversibility of the thin-film coatings. A series of experiments performed

at 150'C tested the other thin-film materials, on IGEFET sensors, when

challenged by the various gases. At 150"C, the N02 and NH3 interacted

with all three film types, the BF3 interacted weakly, the DIMP and DMMP

showed no response. All three thin-film types responded to the DIMP

challenges at 90°C.

xvii



CHARACTERIZING THE SENSITIVITY, SELECTIVITY,
AND REVERSIBILITY OF THE METAL-DOPED PHTHALOCYANINE

THIN-FILMS USED WITH THE INTERDIGITATED GATE
ELECTRODE FIELD-EFFECT TRANSISTOR(IGEFET)

TO DETECT ORGANOPHOSPHORUS COMPOUNDS
AND NITROGEN DIOXIDE

I. Introduction

Background

Solid-state chemical sensors are valuable new additions to the

analytical instrumentation family used to detect sub-toxic concentration

levels of gaseous compounds. Selectively detecting and quantifying the

concentrations of two types of gaseous contaminants is of particular interest

to the Air Force. The members of one chemical compound class include

the organophosphorus pesticides and their structurally-affiliated

compounds. The other ensemble includes the oxides of nitrogen,

particularly nitrogen dioxide (N02). A third group of compounds of

research interest include ammonia (NH3) and boron trifluoride (BF3).

The organophosphorus compound family includes several toxic

pesticides which comprise a group of environmental contaminants that are

1-1



applied for agricultural and hygiene purposes [13]. This group is

important in both the civilian and military communities. Health studies

accomplished to monitor the performance of agricultural crop-dusting

pilots have demonstrated a significant degradation in their flying

proficiency after exposure to organophosphorus pesticides. Another

group of chemically-related organophosphorus compounds comprise the

chemical-warfare nerve agents. These compounds readily pass from the

blood stream to the brain and other nerve synapses. Once there, they act to

inhibit the activity of the acetylcholinesterase enzyme. This inhibition

prevents normal neural functions, as described by Roberts et al [19:506]

Nerve cells contain the molecule acetylcholine in the bound
state. Stimulation of the cell releases acetylcholine, which
stimulates the neighboring cell to release acetylcholine and
this, in turn, its neighbor, thus transmitting the nerve impulse.
Deactivation of the stimulant must be done very quickly once
the impulse is transmitted. Deactivation is achieved by the
enzyme acetylcholinesterase, which catalyzes the hydrolysis.

acetylcholinesterase
acetylcholine + H20 - C2H402 + choline

A nerve poison such as diisopropyl fluorophosphonate
(DFP) forms a stable ester with the serine hydroxyl at the
active site in the (acetyicholinesterase) enzyme, thus
preventing the deactivation step from occurring.

Detecting sub-toxic concentration levels of these chemical warfare

nerve agents may save lives by providing our armed forces the critical time

1-2



needed to don protective clothing. Table 1-1 and Figure I-1 summarize

the names and chemical structures of typical chemical warfare nerve agents

and simulant compounds, respectively. This research effort focused on the

detection of DMMP, DIMP, and DFP organophasphate compounds.

The other compound of primary interest in this study is nitrogen

dioxide (NO2). Nitrogen dioxide is a gaseous pollutant generated by

automobiles, diesel engines, blasting operations, industrial stacks, and when

certain weapon detonators chemically-decompose during storage [5:77; 13;

14 ]. With respect to weapon detonators, nitrogen dioxide corrodes their

electrical triggering mechanism, compromising their reliability.

As time permitted, other compounds of interest were included in the

study. Ammonia (an electron donor) and boron trifluoride (a strong o-

orbital electron acceptor, in contrast to N02, a strong n-electron acceptor)

were included in this study to provide additional comparisions with

nitrogen dioxide and the organophosphate compounds (DMMP, DIMP and

DFP).

Developing a simple, portable, rugged, solid-state detector for these

compounds that could function in the field would present many advantages

relative to the currently used, after-the-fact, analytical laboratory methods.
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Table I- I

Chemical Agents and Simulants (1:15).

Agent (code) Name

GA Tabun
GB Sarin
GD Soman
Vx

EA5365
H Mustard

HD Distilled Mustard
L Lewisite

Simulants

DIMP diisopropyl methylphosphonate
DMMP dimethyl methylphosphonate

DFP diisopropyl fluorophosphonate

Additionally, a solid-state detector has the potential of being mass produced

at a very low cost.

The Interdigitated Gate Electrode Field-Effect Transistor (IGEFET)

has shown significant promise as a solution to these detector applications

[7; 22; 26]. The IGEFET is based on the conventional metal-oxide-

semiconductor field-effect transistor (MOSFET); however, the IGEFET
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Figure 1-1. Select Organophosphorus Chemical Warfare Nerve Agents
and Simulant Chemical Structures [11: 161.
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has a unique gate-electrode structure which is coated with a chemically-

active thin-film. As shown in Figure 1-2, the gate-electrode structure is a

broad planar expanse of interdigitated metal fingers that are supported by a

high-quality silicon dioxide dielectric [7; 22; 26]. The interdigitated gate

electrode (IGE) fingers are composed of two fundamental components.

One component is the floating-electrode. The other component is the

driven-electrode. In operation, the driven-electrode is connected to an

externally applied direct current (dc) voltage, pulse, or harmonic signal

source. The excitation signal is electromagnetically coupled to the

floating-electrode through the chemically-active thin-film. As the charge

levels change on the floating-electrode, variations in the source-to-drain

MOSFET channel's conductivity are induced [14:2356]. These changes

can readily be detected and amplified. The IGEFET structures become

useful for detecting gaseous organophosphorus compounds and nitrogen

dioxide when their interdigitated gate electrode structures are covered with

a metal-doped phthalocyanine thin-film semiconducting polymer [7; 14;

22; 26].

The challenge gases used in this investigation included: diisopropyl

fluorophosphonate (DFP), diisopropyl methylphosphonate (DIMP),
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dimethyl methylphosphonate (DMMP), ammonia (NH3), boron trifluoride

(BF3), and nitrogen dioxide (N02). The DFP and DIMP challenge gases

were chosen because they can be safely handled, and they are chemical

analogs of the more toxic chemical warfare nerve agents.

The thin-film, metal-doped phthalocyanine polymer which covers

the interdigitated gate electrode array forms a significant portion of the

lossy dielectric which couples the driven- and floating-electrodes. The

complex dielectric constant of the chemically-active, thin-film coating

changes when certain electron acceptor or donor gases interact with it.

This chemical activity is correspondingly reflected in the strength of the

signal which couples the floating- and driven-electrodes as a measurable

change in the drain-to-source current [7; 22; 26]. The gas-induced

changes are manifested by the degree of electrical signal coupling via

electrical impedance measurements, and this relationship establishes the

basis for using the IGEFET as a microsensor.

Several metal-doped phthalocyanine polymers, including copper-

phthalocyanine (CuPc), nickel-phthalocyanine (NiPc), and cobalt-

phthalocyanine (CoPc) have demonstrated their ability to perform as

IGEFET-based microsensor gas-sensitive thin-films because of their

capacity to interact with the challenge gases of interest in a measurable
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fashion [1; 6; 10].

Problem Statement

IGEFETs coated with thin-films of copper-phthalocyanine (CuPc),

nickel-phthalocyanine (NiPc), or cobalt-phthalocyanine (CoPc) may

chemically interact with the challenge gases included in this investigation;

specifically, diisopropyl fluorophosphonate (DFP), diisopropyl

methylphosphonate (DIMP), dimethyl methylphosphonate (DMMP),

ammonia (NH3), boron trifluoride (BF3), and nitrogen dioxide (N02).

The dependence of these interactions with a particular metal-doped

phthalocyanine material type, its thickness, the operating temperature,

relative humidity, challenge gas type, and challenge gas concentration

needs to be fully quantified so that an optimal combination of these

variables can be identified. In addition, procedural steps involved with

sequencing the exposures affects the resultant interactions. The optimal

combination of these factors is defined in this context to be the set

producing the best indices of sensor sensitivity, selectivity, and

reversibility. The measurement and calculation of these indices is defined

in the Definitions section. The specific questions to be addressed for the

challenge gases include:

1-9



1. Which IGEFET candidate coating and physical operating

parameters produce the greatest sensitivity when exposed to the

challenge gases?

2. Which IGEFET candidate coating and physical operating

parameters display the best selectivity when exposed to the challenge

gases?

3. Which IGEFET candidate coating and physical operating

parameters exhibit the most complete degree of reversibility when

exposed to the challenge gases?

The ensemble of test conditions are summarized in Table 1-2. They

include: thin-film type, thin-film thickness, temperature, relative

humidity, challenge gas candidate, and gas concentration. If one were to

try to visualize these six 'independant' factors defining a six-dimensional

test condition matrix, the result might look like Figure 1-3. Each of the

smallest cubicles represents the response space that is expec .ed to be
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Table 1-2.

Testing Parameter Ranges.

Test Parameter Range of Values

Challenge Gas Type BF3, DFP, DIMP, DMMP, NH3,
and N02

Gas Concentrations DMMP: 10 ppm
DIMP 20 ppm
DFP 1000 ppb
N02 30, 50, 100, 500, and 1000 ppb
NH3 16, 106, 250, and 500 ppm
BF3 24, 48 and 105 ppm

Thin-film Material Copper Phthalocyanine (CuPc)
Cobalt Phthalocyanine (CoPc)
Nickel Phthalocyanine (NiPc)

Thin-film Thickness 1,000 A to 30,000 A

Exposure and Purge 30'C, 90"C, 120°C, 150'C
Temperature

Relative Humidity 0% to 30%

occupied by a unique grouping of the set, Rresponse, where:

Rresponse = (sensitivitym, reversibilitym, selectivitym} (I- 1)
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and each member of the set has the following dependence:

m = (thin-film type, thin-film thickness, temperature,

relative humidity, challenge gas type,

challenge gas concentration}. (1-2)

As reflected in Figure 1-3, each of the larger boxes represents a

response space sector that has been parceled into the smallest cubicles, and

these smallest cubicles are distributed along the "three dimensional" axes of

humidity, temperature, and challenge gas concentration. Each of the large

boxes is, in turn, a subset of the "universally available" response space, as

delimited and distributed along the remaining three dimensions of thin-film

material type, thin-film thickness, and challenge gas type. The grouping of

the six dimensional arguments was done on a purely arbitrary basis to

create an aid for visualizing the response-space.

This investigation focused on several measurable IGEFET

parameters including: device gain and phase relative to the excitation

signal's frequency, voltage-pulse response in the time- and frequency-
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Figure 1-3. Testing Parameter Response Space. Note That The Range of
Values Associated with Any Particular 'Dimension' is Approximate. This
Drawing is Intended to Help Readers Visualize the 6-Dimensional Parceling
of the Available Response Space Containing Triplets of (Sensitivity,
Reversibility, and Selectivity}.
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domains, and the interdigitated gate electrode direct current (dc)

resistance, as well as its alternating current (ac) impedance (magnitude and

angle, as well as the real and imaginary parts). These measurements were

used as input information to characterize the sensors' responses, and the

measurements were mapped into the response spaces depicted in

Figure 1-3. The basis for recognizing the best combination of test

conditions and IGEFET thin-film coating will be established relative to the

sensor's numerical indices of sensitivity, selectivity, and reversibility.

These indices are defined in the Definitions section.

Scope

This thesis effort attempted to identify which particular metal-doped

phthalocyanine polymeric thin-film coating and set of physical operating

parameters produced the most sensitive, selective, and reversible responses

relative to the BF3, DFP, DIMP, DMMP, NH3 and N02 challenge gas

exposures. The specific test condition parameters are summarized in Table

1-2.

The initial step in the investigation was validating the IGE and metal-

oxide-semiconductor field-effect transistor (MOSFET) structures on the

integrated circuit die as received from the fabricator, MOSIS (Metal-Oxide-
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Semiconductor Implementation System, University of California, Berkeley,

California). This task was accomplished by electrically testing each of the

IGEs for open and short circuits, and then measuring the gain and

bandwidth of the MOSFET amplifier sections of each integrated circuit

microsensors at room temperature.

Following the initial validation phase, the phthalocyanine polymeric

thin-films (CuPc, CoPc, and NiPc) were deposited onto the IGE portions

of the IGEFETs. The next step involved characterizing three sub-systems

in each IGEFET, including: the coated IGE structure, the in-situ MOSFET

structure, and then determining the end-to-end performance profile of the

IGEFET devices with respect to the driven-electrode inputs to the

MOSFET amplifier outputs while the devices were exposed to room air.

For the coated IGE structure, the initial testing focused on the dc

resistance measurements between the driven- and floating-gate, with the

floating-gate grounded and the driven-gate connected to a positive dc

voltage source. The dc resistance was measured with seven different levels

of dc voltage: +1, +2.5, +4, +5.5, +7, +8.5, and +10 volts. The driven- to

floating-gate ac impedance was measured using the same voltage setpoints

thate were used for the dc voltages. These tests were conducted at 22'C

with filtered room air at 8-10 % relative humidity.
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An entire IGEFET-based microsensor system was defined to be the

system extending from the driven-electrode input's and continuing through

to the MOSFET differential amplifier's output. The performance baseline

testing for one such system began by measuring the gain/phase transfer

function versus frequency (swept from 10 Hz to 1 MHz). Based upon the

results of these preliminary test trials, a set of bias and drivien point

voltages were identified. These voltages were used in the subsequent

measurements. The time-domain response characteristics were

determined by measuring the IGEFET response waveforms when the

driven-gate was connected to a pulse generator. Two waveforms were

used: a 5 ps wide pulse with a I kHz repetition rate, and a 50 Hz square

wave.

Prior to any challenge gas exposures, the first battery of

performance measurements described in the previous paragraphs were

used to establish a set of baseline values for the IGE and IGEFET

structures. The specific tests included: impedance (dc and ac), gain and

phase response, and the voltage pulse response in the time- and frequency-

domains. In several experiments, the metal-doped phthalocyanine thin-film

was initially exposed to a high concentration of the challenge gas and

purged to minimize baseline drift between the subsequent challenge gas
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exposures. In these cases, the first purge cycle after the initial high

concentration preconditioning exposure was used to establish the baseline

reversibility response level.

The second test battery measured the performance of the various

IGEFET devices when exposed to the specific challenge gases of interest.

The test parameters (temperature, humidity, film thickness, etc.) were

systematically varied. These measured results were then compared to the

reference (baseline) results established while the IGEFET was exposed to

similar operating conditions either in the presence of room air or the

purge cycle which followed the initial high concentration preconditioning

exposure.

The differences between the baseline results and those gleaned from

the IGEFETs while they were exposed to the challenge gases were

compiled and analyzed. The investigation specifically focused on

identifying the combination(s) of the parameter test matrix which produced

the most significant degree of sensor sensitivity, selectivity and

reversibility.

Each IGEFET was assigned an index of sensitivity, selectivity, and

reversibility relative to its location in the parameter test matrix. These

indices are described in detail in the Definitions section.
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Limitations

The sensor performance evaluation conditions and chemically-active

coatings involved those listed in Table 1-2.

Definitions

For the purpose of this research, a few key terms and concepts need

to be defined. They include the system physical plant, sensitivity,

selectivity, and reversibility. They will be defined in terms related to the

measurable IGEFET performance parameters.

The IGEFET may be viewed as an integral part of a gas detection

system. It is the critical element of the system's physical plant. The inputs

to the system include: challenge gas type, challenge gas concentration,

operating temperature, and relative humidity. The IGEFET structure and

metal-doped phthalocyanine (MPc's) coating ,uaitribute the major factors

in the gas detection system's response characteristics and, for the purpose

of this thesis, they will be termed the system physical plant. The

measurable system response functions are reflected in the following

electrical characteristics: signal gain, phase, impedance, and response to a

voltage-pulse excitation (time- and frequency-domains).

Sensitivity is a relative measure of the magnitude of the physical

1-18



plant's response to a particular challenge gas at a particular location in the

parameter test matrix. Beaudet et al, established that "the sensitivity of the

sensor is the lowest concentration of agent that can be detected in the

absence of background interferences with 90% confidence limits..." [1:12].

Determining the sensitivity of the sensor to a particular challenge gas is

important because it facilitates comparing different sensors under

reproducible conditions [1:12]. The relative sensitivities were measured

relative to room air primarily because room air was used as the carrier

(diluent) gas. The relative sensitivity (SenRel) is defined as the function

describing the behavior of a particular thin-film type and physical system

when exposed to a particular challenge gas. This measure will be

quantified by calculating the mean (g) of a particular response

characteristic at a particular challenge gas test point. Equation 1-3

describes the relationship between the mean and the discrete data values.

That is,

N
tx = (1 / N) Xxi (1-3)

i=1

where N is the number of test points, and xi is a particular measured value
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in the ensemble of N elements. Using the mean values and comparing the

challenge gas values to the baseline values established using room air will

establish the sensor's relative sensitivity. This sensitivity can be

normalized with respect to the room air mean (gair) response as indicated

in Equation 1-4. That is,

SenRel = l-air - 9'challenge gas)] (1-4)L P'gairJ

Selectivity (SRel) is a value associated with a sensor's ability to

distinguish between different challenge gases in the absence of background

interferences [1: 13]. This metric will be a function of two (or more)

gases involved in the comparison; that is, SRel = f(gas#1, gas#2, ...). For

example, the Sel of a particular IGEFET measured parameter relative to

challenge gas GI in the presence of challenge gas G2 can be expressed as:

Sel (G1,G2)_ [(g(G1) -g(G2 + G1)) (1-5)
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The reversibility (Rgas) of the gas detection system is a numerical

function assigned to the sensor which describes the system's ability to

return to a quiescent state after being exposed to a change in the challenge

gas concentration (cn). As such, the following equation applies:

Ra (1CJ)- ig(C2,t2))J (1-6)
Rgas [( 2(c2,t2) - 9#(C1,0 ) - (I6

where .1 is the mean value of a particular measured parameter at time ti

and quiescent concentration ci; g2 is the mean value of a particular

measured parameter at time t2 and concentration c2; and 93 is the mean

value of a particular measured parameter at time t3 and quiescent

concentration ci. In this investigation, ti represents the time before the

sensor is exposed to any challenge gas. At some later time, a challenge gas

is introduced and a new quiescent state is achieved. At this time, g.2 is

measured. Next, the challenge gas is purged from the system and, after

some interval of time, a third quiescent state is achieved. Finally, gi3 is

measured, and the reversibility can be quantified.
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Assumptions

This investigation assumes that the IGEFET and the thin-film

chemically-active coatings will behave in a piecewise-linear, time-invariant

manner while the experimental conditions are varied relative to any

particular set of nominal parameter matrix test values when the sensor is

exposed to a challenge gas. This assumption is not generally extended to

include the regions between the test points. The linearity assumption

permits the principle of superposition to be applied to the analysis at any

particular region in the parameter test matrix. This initial assumption is

necessary to determine if the output signals are directly proportional to the

sum of the input signals.

Piecewise linearity is assumed because a real system seldom displays

a continuous, linear relationship throughout its entire operational range

[22:1-5]; however, real systems are often piecewise continuous and

differentiable. This characteristic permits the linearity assumption to be

applied over a small range of perturbations relative to a nominal reference

point. In this study, each parameter test matrix setpoint is considered to be

a nominal point about which the IGEFET responses will vary due to

exposure to the challenge gases.

The time-invariance assumption implies that the system will not
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change simply as a function of time. This feature is important for

assessing the IGEFET sensitivity, selectivity, and reversibility. A time-

invariant system will also attain an equilibrium response relative to a

particular parameter setpoint. Experiments by earlier researchers have

revealed that the reaction equilibria between the MPc's coatings and the

challenge gases are likely to occur after a time period varying from a few

seconds to several minutes [7; 22].

This investigation assumed from the outset that any particular

measured detector system response, relative to any parameter matrix

situation, will display a characteristic mean value (jt).

Methodology

Deposition of the gas sensitive, thin-film coatings on the IGEFET

sensors merits additional explanation. Figure 1-4 depicts the general

structure of a single IGEFET device. Each IGEFET is fabricated by

depositing a thin-film coating on the interdigitated gate electrode (IGE)

structure. The uncoated IGEFETs are fabricated on silicon wafers and
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Figure 1-4. IGEFET-Based Microsensor Fabrication: (a) IGE, (b)
IGEFET without the Thin-Film Coating, and (c) IGEFET with the
Thin-Film Coating.
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packaged in dual-in-line packages (DIPs). Each DIP holds one integrated

circuit die. Each integrated circuit die contains nine discrete IGEFET

devices. After the chemically-active thin-film deposition process, there are

nine IGEFETs in each DIP. The IGEFET design used in this study was

accomplished by Captain Thomas Jenkins (GE-89D). The design was

submitted to the Metal-Oxide-Semiconductor Implementation System

(MOSIS) for fabrication. MOSIS fabricated the IGEFETs on silicon

wafers and then packaged them in a 64-pin DIP. The DIPs were shipped

from MOSIS without the chemically-sensitive thin-film coatings. The

chemically-sensitive, thin films were deposited during this thesis

investigation.

The IGEFET DIPs were inspected using optical microscopy as

received from MOSIS to verify that they satisfied the design specifications.

An electronic performance evaluation was then conducted to assess the

IGEFET structure's gain and transfer function characteristics. The IGE

structure's dc and ac impedances were measured. The thin-film, metal-

doped phthalocyanine (MPc's) coatings were deposited on the IGE

structures with an electron-beam vacuum deposition (EBVD) process

following their initial electrical inspection and validation.

The thickness of a MPc's thin-film deposition was measured with a
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scanning electron microscope, a stylus profilometer, and an in situ quartz

crystal microbalance (QCM). Adjustments to the EBVD process were

made as required to achieve film thicknesses to within 20% of the desired

values (Table 1-2).

The EBVD process was used to deposit three thicknesses of each film

candidate onto individual integrated circuit die. Thus, of the nine IGE

structures on each IC die, a cluster of three were coated with MPc's films

having the same thickness. The chemically-active thin-films were copper

phthalocyanine (CuPc), cobalt phthalocyanine (CoPc), and nickel

phthalocyanine (NiPc). By covering three of the IGEFET structures with

the same film thickness, redundant measurements were made

simultaneously. In addition, since there were three different thicknesses of

the same MPc's thin-film on each integrated circuit die, the three different

thicknesses were simultaneously compared because they were operated

under the same conditions.

In the final set of gas challenges involving DMMP and DIMP, the

microsensor chips each had three different types of metal-doped

phthalocyanine thin-films, and all the arrays were coated with a nominal

thickness of 2,000 A.

The baseline response of the IGEFETs were assessed by exposing
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them to room air and systematically traversing the remainder of the

parameter test matrix values. Representative samples of each IGEFET

thin-film candidate and thickness were evaluated. The IGEFET response

to the challenge gases was then compared to these baseline measurements.

Plan of Development

Chapter I presents a concise problem statement along with the

motivation and background for characterizing the sensitivity, selectivity,

and reversibility of several metal-doped phthalocyanine thin-film coatings

deposited on the IGEFET structures. Chapter II reviews the current

literature relative to several important classes of gas phase microsensors.

Chapter III focuses on the IGEFET, dealing with the physical device

structures and the theoretical models used for describing their behavior.

Chapter III also contains information concerning the MPc's

semiconductors, the models used to d-scribe electron transport through

these structures, and the doping theories used to explain their conduction

modulation by the challenge gas. Chapter IV describes the experimental

methodology implemented in this thesis. Chapter V is a summary of the

experimental data and interpretations of the results. Conclusions and

recommendations are formulated in Chapter VI.
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Summary

The IGEFET sensors fabricated by depositing copper phthalocyanine

(CuPc), cobalt phthalocyanine (CoPc), and nickel phthalocyanine (NiPc)

thin films on their IGE structures have demonstrated significant gas

sensitivity responses when exposed to trace concentrations of several

organophosphorus compounds and nitrogen dioxide. The ability to detect

organophosphorus compounds has military and civilian significance.

Organophosphorus compounds comprise a broad class of toxic agricultural

pesticides and chemical-warfare nerve agents. Nitrogen dioxide is a by-

product of certain munition detonator failure modes. Since the detonator's

electrical triggering mechanism can be corroded by the emitted nitrogen

dioxide, sensing its evolution during weapon storage will facilitate

identifying unreliable detonators.

For each of the challenge gases, this thesis attempted to identify the most

sensitive, selective and reversible combination of sensor thin-film coating and

operating conditions from among those in Table 1-2. However, due to time

constraints and the unavailability of gas generation tubes, only the 150'C

temperature region was explored in depth.
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11. Literature Review of Solid-State Sensors
Used for Detecting Organophosphorus Compounds

and Nitrogen Dioxide

Introduction

A number of microfabricated devices have been investigated to serve

as chemical sensors [18:405]. At least four distinct technologies have

been configured by investigators to detect organophosphorus compounds

and nitrogen dioxide [9; 18]. These devices have successfully detected both

the chemical analogs to chemical warfare nerve agents and nitrogen

dioxide. The sensor technologies reviewed include: surface acoustic wave

(SAW) devices, chemiresistors, optical waveguides, and interdigitated gate-

electrode field-effect transistor (IGEFET) microsensors, also know as

chemically-sensitive field-effect transistors (CHEMFETs).

Murray et al compiled a study comparing the current state of

performance for these four solid-state sensor technologies, and projected

their performance into the year 2000 [18]. Continuing research with these

technologies seeks to improve their sensitivity and selectivity. As this

research proceeds, one major feature common to all, dominates as the

controlling factor concerning their ability to detect the challenge gases.

That feature is the chemical coating used to transduce the presence of the
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chemical moiety [18:405].

The sub-millimeter physical size of these sensing devices makes them

very attractive. They are sufficiently small to be easily employed by

military personnel in a deployed status; perhaps, they might even be

incorporated into individual issue equipment ensembles. In addition, due

to their small size, a large number of these sensors can be fabricated onto a

tiny surface, yet, with each sensor element configured to be sensitive to a

specific challenge gas, the summary array of sensors should be able to

detect a spectrum of challenge gases from a multicomponent gas

environment [1; 18:405 ]. By utilizing a multiple sensor array

configuration, the possibility exists that while none of the individual

sensors can be uniquely suited to detect a particular gas; nevertheless, the

overall multiple sensor array response pattern may possess unique

characteristics of the challenge compound [18:406]. An interesting

possibility may be to use the multiple sensor array in conjunction with a

computer. This would avail the user with the option of reconfiguring the

system detection and identification function with specific software [1; 18:

4061.
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Gas Detection Devices.

Six technologies are currently employed to realize the primary

devices being investigated for detecting the organophosphorus and nitrogen

dioxide compounds. Two of these are based upon the piezoelectronic

crystal technology; the SAW device and the piezoelectric sorption detector

(a bulk-wave device) [ 18;406; 26:2-1 ]. The other technologies include:

the notch filter [11], the chemiresistor [18:406; 26:2-1], the optical

waveguide [18:405], and the chemically-sensitive IGEFET microsensor

(a. k. a. CHEMFET) [7; 18:406; 22; 26:2-1]. These microsensors are

fabricated with a chemically-active thin-film coating, and they rely upon

the interaction of this layer with the challenge gas. The interactions of

the chemically-actiye layer with the challenge gases are transduced into an

electronic response depending upon the sensor technology, and yield a

corresponding change of a measureable parameter. For the sensors

discussed in the following sections, the primary modes of interaction are

adsorption of the challenge gas molecules onto the chemically-active thin-

film's surface or the absorption of the gas molecules into the bulk regions

of the film. The adsorption and absorption of the challenge gas molecules

affect the overall physical properties of the thin-film coating. These

changes are reflected in variations in the normally quantified parameters

11-3



of mass, electrical conductivity, bulk dielectric constant, and bulk

permeability constant. The gas detectors reviewed in the following

sections differ primarily in the mechanisms employed in detecting a change

in one or more of the perturbed film properties. For example, the

piezoelectric device detects changes in film mass, the chemiresistor focuses

on changes in electrical resistance, etc. A description of each device is

presented in the following sections.

Piezoelectric Devices

The piezoelectric devices can be segregated into three basic groups,

quartz microbalances (QMBs), coated piezoelectric quartz crystals, and

surface acoustic wave devices (SAWs). Simple bulk-wave, coated

piezoelectric quartz crystal sensors and surface acoustic wave (SAW)

devices are mechanically resonant structures. These devices all rely upon

the piezoelectric effect that causes a physical deformation in the crystal's

shape when a voltage is applied to it. The crystal can be made to oscillate

at its resonant frequency by applying an oscillating voltage at the crystal's

characteristic frequency. When small changes occur in the bulk mass of

the crystal due to molecular absorption on its surface, the resonant

frequency will be shifted. Thus, these devices are used to detect changes in
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the mass of their surface due to molecular absorption.

The simplest of the piezoelectric device structures is the quartz

microbalance (QMB). In its basic form, the QMB is fabricated from a thin

piezoelectric quartz wafer having attached electrodes. To produce a QMB,

a quartz crystal is cut into very thin wafers, and the electrodes are

deposited on both surfaces of the wafer. The QMB is frequently employed

as a simple vacuum deposition film thickness monitor [17:705]. Lucklum

et al report that the QMB can be used as a gas sensor [17:705 - 710].

They used several different QMBs, each coated with its own chemically-

sensitive, thin-film layer, and then exposed the ensemble to polar and

apolar organic and inorganic compounds such as C02, CO, and N02.

They used 8.5 mm diameter, quartz crystals with a 10 MHz resonant

frequency and 5 mm diameter electrodes. The chemically-sensitive thin-

films were deposited onto both sides of the crystals. As the chemically-

sensitive layer's mass changes due to adsorbed molecules, the resonant

frequency shifts. If Av is the change in the resonant frequency, v, due to a

change in the crystal oscillator's mass, Am, the two are related by [17:705]:
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2

Av = -Cf Am (II-1)
A

where A is the coating's area, and Cf is a mass sensitivity parameter

[17:707].

For an AT-cut crystal vibrating in the thickness shear mode,
Cf = 2.26 x 10-10 m2/g s holds. Using 10 MHz quartz crystals,
gravimetric detectors can be produced with detection limits in the
nanogram level [17:705].

The QMBs were used by Lucklum et al to detect polar and apolar organic

and inorganic compounds, such as C02, CO, and N02 [17:705-710].

The piezoelectric material can be made to oscillate by applying a

harmonic potential to the device's electrodes. The intensity of the

oscillations becomes pronounced when the applied voltage oscillates at a

frequency approaching the mechanical resonant mode of the crystal [7:2-

2]. The resonant frequency can be perturbed about its nominal value with

a change in the crystal's mass or by changes in the viscoelastic properties

of a thin-film which has been deposited on the device's surface [9,18:406].

Schiede and Guilbault [21:1764-1768] and Roberts and Holcroft [20:56]

related the frequency shift due to changes in the surface mass of the
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piezoelectric quartz crystal sensor as described by Equation 11-2:

AF (-2.3x10 6 F2)(Am/A), (11-2)

where

AF = change in resonant frequency (Hz),

F = resonant frequency (MHz),

Am = change in mass (gm), and

A = surface area of detector (cm 2).

As an example, a bulk-wave piezoelectric quartz crystal sensor with

a reactive surface of I mm by 1 mm operated at 300 MHz, will need to

undergo a mass change of 7.24x 10-11 grams to produce an output

frequency shift of 1500 Hz. For a DFP challenge gas (m.w. 180.2 g/mole)

this implies an absorption of 2.42x 1011 molecules.

The principle mode of operation for the SAW device is as a delay-

line oscillator. Figure II-1, from Janta [9], depicts the general SAW device

structure. The device's resonant frequency depends upon the crystal's

wave velocity, the surface electrode spacing, and any thin-film coating

applied to the surface of the device [18:406]. Figure II-1 shows how the

central selective region modulates the waveform traversing from
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Figure I-1. Schematic diagram of a SAW sensor with transmitter, T,
receiver, R, and the chemically-sensitive layer deposited on the sensor's
delay line section [9:70].

end-to-end on the crystal's surface. A change in the selective layer's mass

will be reflected as a change in the resonant frequency of the surface wave.

The material chosen for the thin-film layer is selected for its ability to

chemically-interact with the challenge gas of interest. The preferred

modes of the chemical interaction are adsorption and absorption [7:2-2].

Fabrication techniques allow SAWs to be produced in sizes less than

one square millimeter; however, current research is focused on SAWs with
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several square millimeters of surface area. The larger areas are desired

because they increase the amount of interaction between the challenge gas

and the chemically active portion of the sensor. As a performance

example, Murray et al reports a SAW with surface area of 8 mm 2

operating with a resonant frequency of 300 MHz which provided a

frequency shift of 1500 Hz when the thin-film's mass changed by lx1O- 9

gm [18:406]. This device has a typical signal-to-noise ratio (SNR) of 50-to-

1. These devices have detected absorded organophosphorus compounds at

concentrations below 0.1 mg/m3. Tables I-1 and 11-2 summarize the

current and projected performance of the SAW devices.

Notch Filters and Chemiresistors

Notch filters and chemiresistors are fabricated using the same

resources. The primary difference between the two sensor technologies is

not in their fabrication method, but rather with the physical parameters

and operational mode used to measure and detect a gas of interest. When

the structure is employed to transduce a change in the dc resistance of the

thin-film coating, the device is deemed a chemiresistor. When the
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structure is used to transduce the changes in both the thin-film resistive and

reactive components, the device is being operated as a notch filter.

Kolesar designed a notch filter and reported using it for detecting

organophosphorus compounds, including diisopropyl methylphosphonate

(DIMP) [15:7-8]. The salient features of notch filter design, as described

by Kolesar, included a chemically-active film of copper+cuprous oxide in

contact with copper electrodes and isolated from a second electrode by a

thin layer of non-conductive material [15:1-3]. A swept-frequency

harmonic signal was injected into one electrode and the resultant signal

transferred to the other electrode was measured. The transfer function is

partially dependant upon the distributed dielectric properties of the

cuprous oxide layer. In essence, the device acts as a distributed resistor

and capacitor circuit. As the copper+cuprous oxide film interacts with the

challenge gas molecules, it's dielectric function is modulated; in turn, the

distributed resistance and capacitance of the thin-film reflects this

modulation and the overall signal transfer function shifts by a measurable

amount.

The notch filter transfer function gain is usually measured versus

driving source frequency, and the resulting bandpass characteristics are

recorded as accomplished by Kolesar [15:3]. When the electronic
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properties of the chemically-active thin-films are perturbed by a challenge

gas, the notch filter's bandpass response may acquire a new shape and

center frequency. The notch filter fabricated by Kolesar was able to

detect an organophosphorus compound (DIMP) at concentrations less than

10 ppm [11].

Chemiresistors are small interdigitated electrode structures coated

with a chemically-active thin-film that interacts with the desired challenge

gas. Chemiresistors undergo changes in their electrical resistance when

they are exposed to a challenge gas. The change in the electrical

conductivity is attributable to variations in the number of charge carriers

made available in the thin-film coating due to the chemical interactions

with the gas of interest [18:408].

Challenge gases donating, accepting , or polarizing charge carriers

in the thin-film coating will produce changes in the material's bulk

resistance, depending upon the efficiency of the charge or polarization

transfer process and the concentration of the challenge gas.

Chemiresistors are a form of the general class of conductimetric

sensors. This sensor class reports gas-sensitivity information by

transducing changes in their bulk conductivity, G(&o) [9:213]. The bulk

conductance can be calculated from the following relation, where I(&') is
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the current and V(o) is the potential:

G(o) = I((o) / V((o). (11-3)

The units of electrical conductance are siemens (mhos). The other

relationships involved in the discussion of electrical conductivity include:

R = pL/A (11-4)

where R is the resistance in ohms, L is the conductor length, A is the

conductor's cross-sectional area, and p is the material's resistivity. The

conductivity, a, is the reciprocal of p; hence

1/p = cr = /E = L/(AR) (11-5)

where a is the ratio of the current density J (A cm -2 ) to the applied

electric field E (V cm- 1). The unit for a is siemens -1 cm -1 .

The general form of conductimetric devices, as depicted in Figure

11-2, has two metal electrodes with a chemically-active material

sandwiched between them [9:213]. They transduce changes in the

conductivity of the selective material between the electrodes. This feature

is critical to the utility of these detectors [9:213]. The dc current flow is
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Metal Electrode
with Metal Oxide Coating
Chemically-Selective Layer E

Insulating Support
Substrate

(a)

(b)

Figure IH-2. General conductimetric device: (a) material configuration
(b) current flow measurements.

usually the measured parameter, as depicted in Figure 1-2(b). A general

model for the conductimetric sensor is illustrated in Figure 11-3. Focusing
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Rs

T: Cs

Rc, Rb Rc2

Figure 11-3. General Equivalent Circuit Diagram of a Condictimetric
Sensor. Subscripts cl and c2 Refer to the Metal Oxide-to-Semiconductor
Contact, s Refers to the Surface Components, b Refers to the Bulk
Components, and i Refers to the Components Due to the Interface
Between the Semiconductor and the Insulating Support Surface.

on the selective layer, the resistance between the contacts and the selective

layer are Rci and Rc2 The capacitance between the contacts and the

selective layer are Cci and CC2. The resistance and capacitance of the

surface of the selective layer are Rs and Cs, respectively. The resistance

and capacitance of the bulk of the selective material are Rb and Cb,
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respectively [9:214]. The resistance and capacitance of the interface

between the selective layer and the surface of the supporting material are

Ri and Ci, respectively [9:214].

Two resistance calculations can be made: one for the contact

resistance and one for the resistance of the selective layer. The contact

resistance is dominated by the thin, non-conducting metal oxide generally

covering the metal electrode [9:215]. The metal/metal-oxide/chemically-

active thin-film junctions have a Schottky current density of:]- q qV
JSchottky = AR T2 exptde 1  (11-6)

kT

where AR is Richardson's constant, and

AR = 47tmqk 2/h3  (11-7)

with T the temperature in degrees Kelvin, q, the fundamental unit of

electron charge, , the average barrier height, d, the insulator thickness, h,

Planck's constant, m, the electron's effective mass, V, the applied voltage

and, ei, the dielectric constant [9:215]. The dielectric constant, ei, is equal
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to Eoer where Co is the free space dielectric constant, and Er is the

material's relative dielectric constant. For a time-varying excitation, the

capacitance of the equivalent circuit model must be considered along with

its resistance.

The resistance of the chemically-active selective layer can be viewed

as the parallel combination of the bulk conductivity (Obulk) and the surface

conductivity (asurface) [9:216].

The bulk conductivity depends upon the charge carrier

concentrations and mobilities [9:216]. The general conductivity

relationship for the semiconductor bulk material can be expressed as

[9:216; 9:222]:

0 bulk Op q[tpp + g.tn1 (1I-8)

and

Gb- nbqJb Wd/L (11-9)

where

Gb = bulk conductance,

Obulk = bulk conductivity (mhos/m),
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gtp = hole mobility (m2 per volt-second),

tn = electron mobility (M2 per volt-second),

9ib = bulk carrier mobility (m2 per volt-second),

nb = bulk carrier density (m-3),

q = electron charge,

W, d, and L = width, depth and length of the material being
measured (m), and

p, n = density of holes and electrons (m-3), respectively.

The current density can be expressed as [4:701:

J = Eq[tpp + 9Jnn] (11-10)

where E is the applied electric field.

These relations account for the contribution of the transported holes

(p) and the electrons (n). Modulation of the Obulk conductivity depends

upon the ability of the modulating compound (gas to be sensed) to actually

enter into a charge carrier donating, accepting, or polarizing equilibrium

that is translated into the bulk of the chemically-sensitive thin-film [9:216].

11-18



The chemical modulation of the surface layer conductivity depends upon

the ability of the challenge gas molecules to donate, accept, or polarize the

charge carriers at the surface of the semiconductor material [9:221]. For n-

type semiconductors this can be expressed as Equation 11-11 [9:221]; that

is,

Aos = qjisAns (II-l1)

where the change in the surface conductivity Aos is due to the change of

the surface electron density, Ans, and the surface electron mobility, 4s.

For a layer of thickness of d, then [9:222]:

d

Ans = [n(z) - flb] dz (11-12)
0

and the corresponding change in surface conductance, AGs is:

AGs = AosW/L. (11-13)

Assuming that Ab approximately equals jis, Equations 11-12, and 11-13 can

be used to create [9:222] a relative index of surface-to-bulk conductivity,

AGs/Gb. That is,
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AGs/Gb = Ans/nbd . (1-14)

For thin-film coatings deposited on a chemiresistor, the principle source of

chemical modulation is the surface layer [9:218].

The fabrication of chemiresistors is frequently accomplished by

evaporation, Langmuir-Blodgett techniques, or spin coating [9:219].

Typical device parameters are listed in Table 11-3.

Table 11-3.

Typical Chemiresistor Parameters for 1 - 5 Volts Applied [8:219].

Electrode Spacing 10 - 100 Am
Total Electrode Area 0.1 - 1 cm 2

Thin-Film Thickness 0.01 - I Ai
Typical Current Flow nA range
Inter-Electrode Resistance 108 - 1011 ohms

Chemiresistor devices using metal/phthalocyanine (1000A)/metal

configurations are reported by Janta [9:219] to function with the Schottky-

conductivity type behavior.

Janta reports that surface conductivity changes were attributed to

the signal changes when using a Pb-phthalocyanine chemiresistor [9:220].

This behavior represents an order-of-magnitude greater sensitivity than
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demonstrated with current SAW technology [18]. Using a Pb thin-film

coating for selectively detecting DMMP has been demonstrated at a level of

less than 5 mg/m3 [181. Estimates of the chemiresistor performance are

shown in Table HI-2.

Optical Waveguides

Optical waveguides coated with chemically-sensitive and optically-

active films have been used to detect gases. The methods used for low

concentration gas phase studies include refractometry and interferometry

[9; 18:409]. Using an optical detection method presents an opportunity to

exploit the advantages of remote sensing, and the method's inherent

imperviousness to electromagnetic interference [18]. The disadvantages of

this technology include susceptibility to stray light and possible photo-

degradation of the chemically-active coating materials. The waveguide

detectors also have a limited dynamic range [18].

The physical property exploited for the optical waveguide detectors

is the critical angle of light reflection when traversing a medium with a

higher index of refraction relative to a medium with a lower index of

refraction. As reported by Murday [18], photorefractometry has been

used to measure changes in the refractive index on the order of 1 part-per-
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million.

Detecting various challenge gases using waveguides coated with

polymers has been shown to be sensitive to the challenge gases at parts-per-

million concentrations; however, the underlying processes have not been

modeled sufficiently well to project ultimate sensitivities.

Another approach for using optical waveguides is coating the guide

with a material which will change its dimensions under the influence of an

external challenge gas. Murday [18] reports that Butler [2] has

demonstrated that this concept will work for gas-phase detectors of H2 at

concentration levels of 1 to 104 ppm, while using a Pt-coated waveguide.

Janta [8:280] describes an optomechanical sensor which has a sensitive

coating capable of physically stretching the length of the optical waveguide

it encases.

Figure 1-4 depicts the arrangement of an optical sensor coated with

Pd. The coherent light beam emitted from the HeNe laser source is split,

and the resultant beams are propagated along two separate paths. One path

is through an uncoated waveguide. The other path is through a waveguide

coated with Pd. The beams are then recombined, and the resulting

interference pattern is established before a challenge gas is introduced into

the system. This mode defines the sensor's baseline interference response
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Figure 11-4. Optomechanical Interference Sensor Technology
(9:280).

pattern. When a challenge gas is introduced, H2 in this case, the challenge

gas interacts with the waveguide coating and expands the lattice constant of

the Pb. The relative change, Aao, in the lattice constant, ao, (atom spacing)

is proportional to the amount of palladium hydride, CPdH, formed, which

is proportional to the partial pressure of the H2 [9:280]. That is;

Aa0
= 0.026 ACpdH. (1- 15)

a0

The changing Pd lattice structure, in turn, stretches the waveguide

longitudinally. The changing waveguide length modulates the optical
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interference pattern. When used to measure H2, the dynamic range of the

sensor spans 1 to 104 ppm [9:281].

Interdigitated Gate-Electrode Field-Effect Transistor (IGEFET)

Microsensors

The IGEFET microsensor is the primary technology of interest in

this thesis. Chapter III is devoted to a detailed description of the models

dealing with the microsensor's components, including: the thin-film

semiconductor coating material, the interdigitated electrode structure, the

MOSFET structure, and the system-level IGEFET microsensor device.

This microsensor has shown significant promise as a solution to the

organophosphorus compound and N02 detection applications [7; 22; 26].

This sensor technology is based on the conventional metal-oxide-

semiconductor field-effect transistor (MOSFET), but the IGEFET sensor

has a unique gate-electrode structure which is coated with a chemically-

active film. The gate-electrode is a broad expanse of interdigitated metal

fingers which are supported by a high-quality, silicon dioxide dielectric [7;

22; 26]. A metal-oxide-semiconductor field-effect transistor with an

interdigitated gate electrode structure is also called an interdigitated gate-
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electrode field-effect transistor (IGEFET) [14]. The gate electrode fingers

are composed of two fundamental components. One component of the

interdigitated gate electrode structure is the floating-electrode; the other

component is the driven-electrode. In operation, the driven-electrode is

excited with an externally generated signal; typically a pulse or swept-

frequency sine wave. The excitation signal is electromagnetically coupled

to the floating-electrode via the chemically-active film coating. As the

charge levels change on the floating-electrode, variations in the source-to-

drain MOSFET channel's conductivity are induced [14:2356]. These

changes can be detected and amplified. The IGEFET microsensor

becomes useful for detecting gaseous organophosphorus compounds and

nitrogen dioxide when its interdigitated electrode is covered with a

semiconducting, metal-doped phthalocyanine polymer thin-film [7; 14; 22;

26].

The sensitivity of the IGEFET microsensor (a.k.a. CHEMFET)

depends upon the transconductance of the system-level device, and the

altered potential resulting from a change in the thin-film coating

impedance [18:410].

N02 sensor studies have been conducted by Temofonte and Schoch

using NiPc and PbPc thin-films on IGE structures [24:1350-1355]. They
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deposited their gas-sensitive films with a thickness on the order of 0.15

grm. They used a vacuum sublimation technique for their depositions.

Following the depositions, the typical interelectrode resistance, before

exposure to the N02 challenge gas, spanned 1 x 1016 to 4 x 1016 ohms.

After exposing the devices to N02 concentrations of 25 ppb, 1.2 ppm, and

60 ppm, the resistance values changed to final values on the order of 1015,

1012, and 109 ohms, respectively [24]. They report, "The organic

semiconductor thin-film (MPc) gas sensor having ultra high sensitivity

(< 25ppb) and a very fast response time (5 60 s) has been demonstrated"

[22:1355].

Conclusions

Murray [ 18] states that the SAW sensor is the most advanced

technology at this time. The chemiresistor and the optical waveguide may

get similar results based upon theoretical projections. That is, "The

CHEMFET is still further behind and struggling with microfabrication and

passivation problems" [18:410; 24:1355]. Temofonte and Schoch express,

"Future work to optimize sensor characteristics is needed, and low-noise

IC compatible FET device structures have been designed and fabricated for
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this purpose" [24:1355].

The purpose of this thesis is to advance the understanding and

applicability of the IGEFET microsensor to selectively detect and identify

organophosphorus compounds and N02.
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111. The IGEFET Microsensor Concept,
Design, and Implementation

Introduction

The microsensors used for this investigation are similar to those used

by previous researchers [ 7; 14; 22; 26]. The microsensors were designed

using an interdigitated gate-electrode field-effect transistor (IGEFET)

structure. Figure 111-1(a) shows the fundamental configuration of the

IGEFET microsensor.

The fundamental IGEFET-based microsensor structure used in this

investigation is very similar to the integrated circuit (IC) devices used in

previous investigations at ART [ 7; 14; 22; 26]. The organization and

functionality of the multi-sensor array and IC die has been modified for

this research effort. When contrasted with the design used by Shin [22],

the following revisions can be observed: the analog signal

multiplexer/decoder was deleted from the design, only nine sensor arrays

were fabricated on each IC die, no feedback resistors were fabricated on

the IC die, each IGEFET microsensor is an integral part of its own

impedance matching differential input amplifier, and no reference

amplifier is employed on the IC die.
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These revisions were made primarily due to the difficulties

encountered by previous researchers while attempting to achieve adequate

performance from the analog signal multiplexer and amplifier. Since

these difficulties at the IC die organization level detracted from the

investigation of the IGEFET microsensor, a decision was made to remove

the analog signal multiplexer and its associated amplifier from the multi-

sensor design. The new IC design had nine impedance matching

amplifiers, one for each of the nine IGE structures, all fabricated on the

same IC die.

IGEFET Microsensor Concept

The IGEFET microsensor used in this research is a device that can

transduce variations in the impedance of its chemically-active, thin-film by

modulating its output current. The thin-film's impedance can be modulated

by exposing it to various challenge gases. The changes result from

interactions of the gas molecules with the semiconducting, thin-film surface

and bulk material.

IGEFET Design

As depicted in Figure III-1(a) and (b), the basic structural
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components of the IGEFET can be discerned. During fabrication, the

interdigitated driven- and floating-electrodes are fabricated from

photolithographically patterned aluminum. The interdigitated driven- and

floating-electrodes form a structure called the interdigitated gate-electrode

(IGE). The chemically active thin-film is deposited on the IGE structure,

partially covering the surface of the fingers and filling a portion of the

space between them.

The IGE is composed of two components, the driven-electrode and

the floating-electrode. Usually, an input signal is applied to the driven-

electrode, and it is electromagnetically coupled primarily through the

intervening space filled with the thin-film coating to the floating-electrode.

The magnitude and phase of the signal coupled to the floating-electrode is

dependent, in part, upon the impedance of the thin-film. The floating-

electrode serves two purposes. The first is to be an electrical contact point

for the signal coupled through the thin-film from the driven-electrode.

(The IGE with the deposited thin-film structure is analogous to two parallel

plates separated by a bulk material). The second purpose served by a

portion of the floating-electrode is to function as the gate electrode for the

sensor's in situ metral-oxide-semiconductor field-effect transistor

(MOSFET). In this role, it modulates the current flow between the
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MOSFET's drain and source electrodes. The in situ MOSFET design was

selected because it's high input impedance would not excessively load the

IGE structure, and noise due to interconnecting lead lengths could be

minimized.

To provide gain to the modulated signal without sacrificing the

sensor's isolation, each IGEFET was designed as the non-inverting input to

a differential amplifier. This feature can be observed schematically in

Figure 111-2. In Figure III-2(a), the IGE structure with its

driven-electrode (DE) and floating-electrode (FE) is shown connected to

transistor Q4. In fact, the floating-electrode modulates the drain-to-source

current flow for transistor Q4. Transistor Q4 is the FET portion of the

IGEFET sensor. Transistor Q4 is also the non-inverting input for the

differential transistor pair formed by Q4 and Q5. Transistors Q6 and Q7

are functionally current-limiting resistors. Transistors Q1 and Q2 establish

the quiescent current flows which are dependent upon the relative level of

Vbias. Transistor Q5 drives the output (Vout).

Phthalocyanine Thin-Film Coatings for the IGEFET

A critical aspect of the microsensor is the chemically active thin-film

used to modulate the signal coupled between the driven-electrode and the
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Figure 111-2. Interdigitated Gate Electrode (IGE) and Impedance
Matching FET Amplifier: (a) Equivalent Circuit Diagram, and
(b) Equivalent Amplifier. (DE = Driven-Electrode,
FE = Floating-Electrode).
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floating-electrode. Metal-doped phthalocyanines were used in this

investigation because their semiconducting properties can be modulated by

the absorption, adsorption, and desorption of various gas molecules

[16:345]. The changes in electrical conductivity are believed to occur as a

result of the electron donor-acceptor complexes formed between the

phthalocyanine and the challenge gas. This interaction is believed to be

driven, in part, by the partial pressure of the challenge gas [16:347].

The semiconducting phthalocyanines are available as either metal-

free or metal-doped compounds. The metal-doped phthalocyanine

structures have a centrally located metal atom as depicted in Figure 11I-3.

For this research, phthalocyanines doped with either copper, cobalt, or

nickel were used. In addition, the phthalocyanine ring structure may have

one or more groups substituted onto it at a peripheral location. Chemically-

active thin-films have been fabricated using either substituted or

unsubstituted phthalocyanines [16:368].

Deposition of the phthalocyanines to the IGE structure is usually

accomplished via one of two techniques, Langmuir-Blodgett (L-B) or

vacuum sublimation. The only method available for this investigation was

the sublimation process which was implemented using an electron-beam

vacuum deposition system (Denton Vacuum Corp; Model DV-602).
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Figure III-3. Metal-Doped Phthalocyanine Molecules Showing
Their Stacking Arrangement [24:1350].
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The metal-doped phthalocyanine (MPc) thin-film morphology

significantly influences its response to a challenge gas. The charge-transfer

mechanism occurring during the challenge gas complex formation with the

thin-film material is best facilitated on the planar face of the MPc ring.

The charge-transfer mechanism is favorably facilitated along the axis

perpendicular to the face of the stacked MPc rings [16:351].

The metal-doped phthalocyanines are classified as a p-type

semiconductor material based upon the material's response to exposures of

electron donor and acceptor complexes. That ;s, the electrical conductivity

of MPc is enhanced when it is exposed to electron-acceptor gases such as

oxygen and nitrogen dioxide. Addtionally, the MPc's electrical

conductance has been observed to decrease upon exposure to ammonia, an

electron donor [16:347]. The degree of acceptor-donor electron

localization appears to influence the magnitude of the conductance change.

Nitrogen dioxide, a n-electron acceptor, forms a delocalized hole structure

within the MPc. This mechanism facilitates charge carrier transport.

Boron trifluoride, a a-electron acceptor, forms a more localized hole

structure in the MPc, which acts to retard charge carrier transport

[16:349].
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IGEFET Microsensor Design and Implementation

The design of the IGEFET microsensor has evolved through several

iterations at the Air Force Institute of Technology (AFIT). The design

version used in this investigation was finalized by Captain Thomas Jenkins

and submitted to MOSIS (Metal Oxide Semiconductor Implementation

System) for fabrication. This particular iteration of the IGEFET

microsensor's evolution focused upon enhancing the inter-lead signal

isolation and reducing the complexity of the IC die analog signal paths.

The latter was accomplished by removing the analog multiplexing circuitry

and fabricating an amplifier section for each individual IGEFET.

Nine IGEFET microsensor systems were fabricated on each IC die.

The IGE fingers were fabricated with second-level aluminum. The critical

dimensions for the IGE structure are shown in Table HI-1. The

fabrication method employed by MOSIS was a scalable 2-micron, double-

metal, double-polysilicon, p-well technology [8]. The level-one metal was

used in part to form the ground plane as shown in Figure Ill-1. The

second-level metal was used to form the IGE floating - and driven-gate

elements. The general layout of the nine IGE arrays on a IC die is

sketched in Figure 111-4. The outside dimensions of each IGE array are

1370 gtm by 1370 gim. Figures 111-5, 111-6, 111-7, and 111-8 show
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additional features of typical interdigitatfd gate electrode structures and

their MOSFET amplifiers. Figure II-5 is the lowest magnification, and so

Table 111-1.

Critical Dimensions of the Interdigitated Gate Electrode.

Number of Driven-Electrode Fingers 35

Number of Floating-Electrode Fingers 34

Driven-Electrode Area (jim 2 ) 483,100

Floating-Electrode Area (jim 2 ) 468,900

Finger Width (gtm) 10

Finger Separation (gim) 10

Overall Array Length (jim) 1370

Overall Array Width (g.m) 1370

shows a large portion of an IGE. Figure 111-6 depicts a higher level of

magnification, showing the metal strip of the floating-electrode extending

over the input of the MOSFET's channel. Figure 111-7 shows a closer

view of the amplifier section. Figure 111-8 shows a thin-film coating
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(-5,000 A thick) deposited onto a typical IGE.

Capt Thomas Jenkins performed SPICE simulation on the MOSFET

segment of the overall design [8]. The IC die was designed to reduced the

parasitic effects caused by having numerous lengthy metal conductors

routing signals on the IC die. To do this, only a single layer of metal was

used for signal pathways (excluding the IGEs), thus eliminating any

vertically spaced crossings between conductor runs [8]. Also, each array is

serviced by its own bondwires, thus reducing unintentional cross-talk and

providing a redundancy of function for those cases where an element may

fail.

The dies were packaged in 64-pin DIPs. The wirebond contact

functions are detailed in Table 111-2.

Summary

The IGEFET microsensor is a well developed technology. The

device used in this study was designed by Capt Thomas Jenkins, and

fabricated by MOSIS. The devices delivered by MOSIS were inspected,

and metal-doped phthalocyanine thin-films deposited onto the IGE

structures using a vacuum deposition process. The IGEFET microsensors

were subsequently investigated as described in Chapter IV.
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Figure 111-5. Overhead View of a Portion of Interdigitated Gate

Electrode and Impedance Matching Amplifier (50X).
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Figure 111-6. Overhead View of a Portion of Interdigitated Gate
Electrode and Impedance Matching Amplifier (200X).



Figure 111-7. Overhead View of the Impedance Matching Amplifier

(400X).
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Figure 111-8. Overhead View of the Interdigitated Gate Electrode

Structure with a 3,900 A Thick CuPc Deposition (400X).
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Table 111-2.

64-Pin DIP Wirebond Contact Function Summary (Continued on the next
page).

Pad Number Signal Name and Associated Microsensor

1 Vbias IGE #6
2 Vss IGE #6
3 Vout IGE #6
4 Vdd IGE #6
5 Floating-Gate IGE #6
6 Driven-Gate IGE #6
7 Driven-Gate IGE #3
8 Vaf IGE #3
9 Vbias IGE #3

10 Vss IGE #3
11 Vout IGE #3
12 Vdi IGE #3
13 Floating-Gate IGE #3
14 VaTj IGE #2
15 Vbias IGE #2
16 Vss IGE #2
17 Vout IGE #2
18 VdJ IGE #2
19 Floating-Gate IGE #2
20 Voff IGE #1
21 Vbias IGE #1
22 Vss IGE #1
23 Vout IGE #1
24 Vdc IGE #1
25 Floating-Gate IGE #1
26 Driven-Gate IGE #1
27 Driven-Gate IGE #2
28 Driven-Gate IGE #5
29 Driven-Gate IGE #4
30 VaT IGE #4
31 Vbias IGE #4
32 Vss IGE #4
33 Vout IGE #4
34 Vdci IGE #4
35 Floating-Gate IGE #4
36 VaT IGE #5
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Table 111-2.

64-Pin DIP Wirebond Function Summary (Continuation from Previous

Page).

Pad Number Signal Name and Associated Microsensor

37 Vbias IGE #5
38 VSIGE #5
39 Driven-Gate IGE #8
40 Driven-Gate IGE #7
41 VOiT IGE #7
42 Vbias IGE #7
43 VSS IGE #7
44 Vout IGE #7
45 VdJj IGE #7
46 Floating-Gate IGE #7
47 Voff IGE #8
48 Vbias IGE #8
49 VSS IGE #8
50 Vout IGE #8
51 VdJj IGE #8
52 Floating-Gate IGE #8
53 V~ff IGE #9
54 Vbias IGE #9
55 VSS IGE #9
56 'Voot IGE #9
57 Vci IGE #9
58 Floating-Gate IGE #9
59 Ground Plane
60 Driven-Gate IGE #9
61 Votjt IGE #5
62 VckI IGE #5
63 Floating-Gate IGE #5
64 VOiT IGE #6
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IV. Experimental Methodology

The discussion of experimental methodology is divided into two

sections. Section V-I discusses the basic microelectronic sensor device

studied, the specific questions to be answered, and the primary issues

addressed during the investigation. Section IV-II describes the tasks which

were accomplished during the investigation to provide the data required

for resolving the questions posed.

Section IV-I.

IGEFET Device. Coating the interdigitated gate electrode (IGE)

structure of the interdigitated gate electrode field-effect transistor

(IGEFET) with a metal-doped phthalocyanine thin-film results in a gas

detector which has shown significant promise for sensing

organophosphorus compounds and N02. The IGEFET is based on the

conventional metal-oxide-semiconductor field-effect transistor

(MOSFET). The interdigitated gate electrode (IGE) structure is

composed of two fundamental components. One component is the floating

-electrode. The other is the driven-electrode. In operation, the driven-

electrode may be excited with an external dc voltage, a voltage pulse, or a
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harmonic signal. The excitation signal is electromagnetically coupled to

the floating-electrode. As the charge levels change on the floating-

electrode, variations in the MOSFET source-to-drain channel's

conductivity are induced [14:2356]. These changes can be readily

detected and amplified. The IGEFET structures become useful for

detecting gaseous organophosphorus compounds and nitrogen dioxide

when their interdigitated gates are covered with a thin-film of a metal-

doped phthalocyanine semiconducting polymer [7; 14; 22; 26].

Gases Tested. The challenge gases used in this investigation

included: ammonia (NH3), boron trifluoride (BF3), diisopropyl

fluorophosphonate (DFP), diisopropyl methylphosphonate (DIMP),

dimethyl methylphosphonate (DMMP), and nitrogen dioxide (N02).

Ammonia was selected for study because of its highly polar nature and the

fact that the nitrogen portion of the molecule acts as an electron donor

[23:473]. The anticipated action of the ammonia would be to increase the

resistance of the p-type semiconductor metal-doped phthalocyanine thin-

films. Boron trifluoride, a strong a-electron acceptor, was included for

comparison with nitrogen dioxide, a strong ni-electron acceptor. The

organophosphorus compound challenge gases, DFP, DIMP, and DMMP,

were chosen because they can be safely handled under a chemical hood,
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and they are chemical analogs of the more toxic chemical warfare nerve

agents. Characterizing the interaction of these challenge gases with the

p-type semiconductor MPc thin-films when individually exposed under

controlled conditions was the purpose of this research.

Thin-Film Materials. Several metal-doped phthalocyanine

polymers, including cobalt-phthalocyanine (CoPc), copper-phthalocyanine

(CuPc), and nickel-phthalocyanine (NiPc) have demonstrated their ability

to perform as IGEFET gas-sensitive thin-films because of their capacity to

interact with the challenge gases of interest in a measurable fashion [7; 22;

26]. The thin-film, metal-doped phthalocyanine polymer which covers

the interdigitated gate electrode array forms a significant portion of the

lossy dielectric which couples the floating- and driven-electrodes. The

complex dielectric constant of the chemically-active, thin-film coating

changes when certain gaseous compounds interact with it. This chemical

activity is correspondingly reflected in the strength of the signal which

couples the floating- and driven-electrodes as a measurable change in the

MOSFET's drain-to-source current [7; 22; 26]. Measuring the gas-

induced changes manifested by the degree of signal coupling via the

electrical impedance establishes the basis for using the IGEFET with a

chemically-active thin-film coating as a gas sensor.
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Problem Statement. IGEFETs coated with thin-films of cobalt-

phthalocyanine (CoPc), copper-phthalocyanine (CuPc), and nickel-

phthalocyanine (NiPc) are known to interact with the challenge gases

included in this investigation; specifically, ammonia (NH3), boron

triflouride (BF3), diisopropyl fluorophosphonate (DFP), diisopropyl

methylphosphonate (DIMP), dimethyl methylphosphonate (DMMP), and

nitrogen dioxide (N02). The question to be answered is what are the

dependencies of these interactions upon the polymeric thin-film material

type, its thickness, the operating temperature, the relative humidity, and

the challenge gas concentration. The optimal combination is defined in

this context to be the set producing the best indices of sensor sensitivity,

selectivity, and reversibility. The calculation of these indices is defined in

the Definitions section of Chapter I.

Section IV-II

Methodology. This investigation began by delineating the specific

physical and electrical characteristics to be measured and the parameters to

be varied during the gas sensor evaluation. This portion of the

investigation was carried forward by reviewing the current literature,
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prior theses, and discussions with Captain Wiseman and Lt Colonel

Kolesar. Using this background, the situations most likely to yield

favorable IGEFET performance measurements were established as shown

in Chapter I, Table 1-2. The physical issues included cross-sectional

photography and dimensional measurements of the IGE structure; both

with and without the MPc thin-films. To further narrow the field of

potential test parameters, a short series of experiments was performed to

identify the appropriate bias voltages and a favorable configuration for

running the in situ impedance matching amplifiers which served as the

interdigitated gate electrodes on each IC die. Another series of tests were

arranged to further limit the region of the test matrix most likely to

contain the optimal combination of factors including the thin-film

thickness, temperature, and the exposure and purge cycle durations. Time

also permitted the pursuit of a short, third series of tests which focused on

the IGEFET responses to DIMP and DMMP at 30'C, 90'C, and 150'C.

The measurements chosen to characterize the solid-state

performance of the IGE structure included the direct current resistance,

gain and phase angle versus frequency, ac impedance versus frequency,

and the time-domain response. These measurements were made using

independent instruments instead of simply computing the redundant
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parameter. The test instrument configuration provided a degree of

internal measurement verification. While these measurements were being

established, the initial fabrication and physical characterization (dimension

measurements) were accomplished.

IGEFET Physical Measurements. The visual inspection and

microphotography of the IGE and IGEFET structures were accomplished

to assess the physical characteristics of the electrodes and the physical

structure that the thin-film would have when it was applied to an IGE.

The acceptance criteria for the devices in this step was no observable open

or short circuits in the IGE structure, and no breaks in the bond wires.

Figure IV- I is a drawing depicting an unpackaged array of nine

individual IGEFET elements. An unpackaged IGEFET array was

sacrificed to facilitate taking scanning electron microscopy (SEM)

photographs of its surface features. Figure IV-2 depicts an overhead view

of a portion of the IGE structure. After taking these views, the IC die was

broken to permit a cross-sectional perspective of the IGE structure with

the SEM (Figure IV-3). Figure IV-3 depicts a cross-sectional view of a

single electrode finger supported on a silicon dioxide layer. Below
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FigyUre IV-1. Sketch of Nine Interdi~itated Gate-Electrode
Structures. Their Impedance Matching Amplifiers, and Wire
Bonding Pads [8].
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Figure IV-2. Overhead View of the IGE Structure Showing the
Floating-Electrode Extending Towards the MOSFET Gate Contact.
(296x magnification).
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these two features is a metal ground plane which is supported by a thick

silicon dioxide layer. Approximate dimensions for these layers are

labeled in Figure IV-4. The MOSIS etch process used to remove the

silicon dioxide from the region between the metal electrodes produced

significant undercuts below the edges of the metal electrodes. The silicon

dioxide layer between the electrodes was etched to a level slightly below

the lower edge of the metal electrode. The deviations from the 'desired'

structure were not significant enough to preclude further testing. SEM

photographs were made of an IGE coated with a thin-film of CuPc

(Figures IV-5 and IV-6). These figures show that the CuPc thin-film

does not extend between the metal electrodes as a continuous layer. That

is, air gaps exist at the fringes of the interdigitated, space-filling CuPc thin-

film. This situation is depicted in Figure IV-7.

Thin-Film Coating Deposition. The chemically-sensitive thin-film

coatings were applied to each of the nine IGE structures on each of the

mounted IC die in the 64-pin DIPs. These coatings were applied using a

vacuum deposition system (Denton Vacuum Corp., Model DV-602) via the

process described in Appendix A. The phthalocyanine based compounds

were deposited at thicknesses ranging from 1,000 A to 30,000 A,

depending upon the objective of the associated experiment. Three
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Figure IV-3. Cross-Sectional View of an IGE Finger Supported by
Silicon Dioxide Showing the Undercut Below the Edge of the IGE
Finger. (23,200x magnification).
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IGE Finger

Silicon Substrate

(a)

Expanded View •

~ ~* F

- k mm -- .Metal IGE Finger

Silicon Dioxide

- " Metal Ground Plane
D E

C Silicon Dioxide

B

(b)

Figure IV-4. Sketch of the Photograph in Figure IV-3. Cross-Sectional
View of the Etch Induced Undercut Below an IGE Finger: (a)
Cross-Sectional View Orientation of (b) Undercut Structure.
Approximate Measurements: A = 587 nm, B = 313 nm, C = 352 nm,
D = 1097 nm, E = 789 nm, and F = 195 nm.
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FiueIV-5. Cross-Sectionl View Of an IGE Finger and a portion

of the Spaces Between IGE Fingers After Vaum eostint of

Copper~Phthal)(Yanine (Cupc) Thin-Film. The DicifliYi

the Cupc Thin-Filml Between the Side of the Metal Finger and the

Interdigital CuPc can be Observed.(6, 6 0OX magnification).
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Figure IV-6. Higher Magnification of an IGE Finger's

Cross-Sectional View. The Tapering of the Copper-Phthalocyanine
Layer (CuPc) and Discontinuity Between the Interdigitated CuPc
and the CuPc Deposited Upon the Metal Finger can be
Observed(26,300x magnification).

IV-13



C

" l MPc Thin- Film

Metal IGE Finger

Silicon Dioxide
Metal Ground Plane

AB
Silicon Dioxide

Figure IV-7. Cross-Sectional View of an IGE Finger Depicting the Gaps
Present Between the Metal-Phthalocyanine (MPc) Thin-Film and the IGE
Fingers with Devices Fabricated by Vacuum Depositon.
A = the Film-Thickness. B = the Vertical Distance Between Top of
Thin-Film and Top of Electrode Finger. C = the Gap Between Side-wall
of an Electrode Finger and the Side of the Thin-Film Deposited in the
Interdigitated Space.

thicknesses (2,000 A, 5,000 A, and 10,000 A) were chosen for the coatings

applied to the majority of the devices used in the experimental gas

exposure measurements. Information concerning the thin-film coatings

applied to particular IGE structures tcsted is in Table IV-2.

Thickness measurements of the thin-films were made using a stylus

profilometer (Sloan Technology Corp., Model Dek-Tak 900051). These
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measurements were implemented on thin-films deposited onto blank

silicon wafers co-located with the IGEFET DIPs while they were being

coated. Prior to taking the thickness measurements, the test wafers were

coated with approximately 200 A of gold to prevent scratching the MPc

coatings with the profilometer, as reported by Capt Thomas Jenkins

[7:C-9]. The gold coatings were applied with a sputter coating device

(Structure Probe Inc., Model 13131). The film thicknesses provided by

the profilometer were averaged to arrive at the thicknesses listed in Table

IV-1.

Testing the Device Impedance Matching Amplifier, Feedback

Configurations, and Bias Voltages. Figure IV-8 shows the circuit

diagram for the basic IGEFET device; it is composed of the IGE and its

associated impedance matching amplifier.

The basic performance of the in situ impedance matching amplifier

was evaluated to determine a set of voltage levels for the supply sourzes,

the inverting input gate configuration, and the bias current limiter.
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Table IV-1.

Summary Listing of Conditions used During Experimentation
(Continued on Next Page).

CuPc Films
Experiment Number 3 and 5 6 and 7 4 8 9

Film Thickness 6000 6000 2000 1600 1600
(Angstroms) 12000 12000 50000 3900 3900

30000 30000 60000 8800 8800
Temperature (°C) 90 90 90 90 30/90

Carrier Gas Room Air N2 Room Air N2 N2
Challenge Gas N02 N02 N02 N02 N02

Gas Concentrations (ppb) 100 100 20 100 100
50
100
500
1000

Time-Domain Signal 50 Hz Sq 50 Hz Sq 50 Hz Sq 50 Hz Sq 50 Hz Sq

CuPc Films
Experiment Number 10 11 12 13 14

Film Thickness 1600 1600 1600 1600 2400
(Angstroms) 3900 3900 3900 3900 27000

8800 8800 8800 8800 56000
Temperature (°C) 90/120"* 120 120 120 120

Carrier Gas N2 N2 N2 Room Air N2
Challenge Gas N02 N02 Room Air N02 N02

Gas Concentrations (ppb) 100 100 @ 100 % 100 ppb 100 ppb

Time-Domain Signal 50 Hz Sq 50 Hz Sq 50 Hz Sq 50 Hz Sq 50 Hz Sq
Challenged at 30°C, Purged at 90 *C.

* , Challenged at 90"C, Purged at 120 *C.
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Table IV-1.

Summary Listing of Conditions used During Experimentation
(Continued on Next Page).

CuPc Films
Experiment Number 15 16 17 18 and 24 21

Film Thickness 2400 1600 (1-phase 2000 2000 1600
(Angstroms) 27000 3900 (B-phase 10000 5200 3900

56000 8800 (B-phase 14800 9900 8800
Temperature (°C) 150 150 150 150 150

Carrier Gas Room Air Room Air Room Air Room Air Room Air
Challengc Gas N02 N02 N02 DMMP N02

Gas Concentrations (ppb) 100 ppb 100 30 200 10 low
50 400 30
100 800 50
500 1600 1 W0
1000 3200 500

_ _ _ _ _ _ _ _ _ _ _ 1000
Time-Domain Signal 50 Hz Sq 50 Hz Sq 50 Hz Sq 50 Hz Sq 50 Hz Sq

CuPc Films
Experiment Number 27 31 34 35

Film Thickness 2100 2100 3200 3200
(Angstroms) 8200 8200

16(X)O 160(M_
Temperature (CC) 150 150 150 150

Carrier Gas Room Air Room Air Room Air Room Air
Challentle Gas NH3 BF3 DMMP DIMP

Gas Concentrations (ppb) 500 ppm * 105 ppm 10 ppm 3 ppm
unless otherwise noted 16 ppm 24 ppm

106 ppm 105 ppm
250 ppm
500 ppm

Time-Domain Signal 50 Hz Sq 50 Hz Sq 50 Hz Sq 50 Hz Sq
- Preconditioning Exposure for 1.25 Hours.
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Table IV-1.

Summary Listing of Conditions used During Experimentation
(Continued on Next Page).

CuPc Films
Experiment Number 37 38

Film Thickness 3200 3200
(Angstroms)

Temperature (°C) 150/90/30 150/90/30
Canrer Gas Room Air Room Air

Challenge Gas DMMP DIMP
Gas Concentrations (ppb) 10 ppm 3 ppm

unless otherwise noted

Time-Domain Sig'nal 50 Hz Sq 50 Hz Sq
"Is = Prcconditioninig Exposure for 1.25 Hours.
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Table IV-1.

Summary Listing of Conditions used Durin g Experimentation
(Continued on Next Pag ).

CoPc Films________________
Experiment Number 19 20 26 28 34

Film Thickness 2500 2500 2500 2500 5200
(Angstroms) 5400 5400 5400 5400)

10500 10500 10500 10500 ___

Temperature ('C) 150 150 150 150 150
Carrier Gas Room Air Room Air Room Air Room Air Room Air

Challengec Gas N02 N02 BF3 NH3 DMMP
Gas Concentrations (ppb) 30 1000 X* 24 ppm 500 ppm- 10 ppm

50 30 48 ppm 16 ppm
100 50 106 ppm
500 100 250 ppm
1000 500 500 ppm
____ 1000 _ __

Time-Domain Signall 50 Hz Sq 50 Hz Sq 150 Hz Sq 150 Hz Sq 150 Hz Sq

CoPc Films________________

Experiment Number 34 37 38 __________

Film Thickness 52(X) 5200 5200
(An gstroms)

Temperature ("C) 150 150/90/30 150/90/30 ____

Carrier Gas Room Air Room Air Room Air
Challenge Gas DIMP DMMP DIMP

Gas Concentrations (ppb). 3 ppm 10 ppm 3 ppm

Time-Domain Sigtnal 50 Hz Sq I50 Hz Sq1 50Hz Sql I_____ __

=Preconditioning Exposure for 1.25 Hours.
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Table IV-1.

Summary Listing of Conditions used During Experimentation
(Continued from Previous Page).

NiPc Films
Experiment Number 22 23 25 29,32 and 3] 30

Film Thickness 2600 2600 2600 2600 2600
(Angstroms) 6200 6200 6200 6200 6200

12500 12500 12500 12500 12500
Temperature ("C) 150 150 150 150 150

Carrier Gas Room Air Room Air Room Air Room Air Room Air
Challenge Gas N02 DMMP DFP NH3 BF3

Gas Concentrations (ppb) 1000 *** 3200 *** 1000 500 ppm **, 24 ppm
unless otherwise noted 30 200 16 ppm 105 ppm

50 400 106 ppm
100 800 250 ppm
500 1600 500 ppm
1000 3200

Time-Domain Signal 50 Hz Sq 50 Hz Sq 50 H-z Sq 50 Hz Sq 50 Hz Sq

NiPc Films
Experiment Number 34 35 37 38

Film Thickness 68W0 6800 6800 6800
(Angstroms)

Temperature (°C) 150 150 150/90/30 150/90/30
Carrier Gas Room Air Room Air Room Air Room Air

Challenge Gas DMMP DIMP DMMP DIMP
Gas Concentrations (ppb) 10 ppm 3 ppm 10 ppm 3 ppm

unless otherwise noted

Time-Domain Signal 50 Hz Sq 50 Hz Sq 50 Hz Sq 50 Hz Sq
- Preconditioning Exposure tor 1.25 Hours.
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The intent was to use these voltages throughout the remainder of the

challenge gas test matrix.

The first evaluation (determination of Vbias for operation) was

conducted to determine a favorable value for Vbias and to check the

gain/bandwidth of the MOSFET amplifier. A non-inverting input

configuration was chosen. Using the circuit shown in Figure IV-9, the

Vbias level was varied by adjusting the potentiometer (P1) until Vout was

zero volts with no input signal. The supply voltages for the IGEFET

amplifiers, Vdd and Vss, were chosen to be + 5 volts and - 5 volts,

respectively. The Vout offset was minimized with a Vbias = -2.88 volts

measured with a VOM (B&K Precision Test Bench, Model 388-HD). A

basic feedback configuration was tested using the circuit shown in

Figure IV-9. The input sinusoidal test voltage was applied directly to the

floating-gate (FG) using a signal generator (Wavetek Corp., Model 186).

The voltage at the metal-oxide-semiconductor field-effect transistor

(MOSFET) differential amplifier output was measured with an

oscilloscope (B&K Instruments, Model 1570A).

The gain/bandwidth data was intended to verify the gain stability of
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IGE QQ

hQ1 In [ Q2

Voff

(b)

FE Inverting Vdd
Input

Q6_ Q 3

L Q Vout

" '-[!Q5

Q14 1 Q
Non-inverting

rInput ,.+

F Vss

DE IGE FE
-Vbias

(b)
Figure IV-8. Interdigitated Gate Electrode (IGE) and Impedance
Matching FET Amplifier: (a) Equivalent Circuit Diagram, and
(b) Equivalent Amplifier. (DE -- Driven-Electrode,
FE -- Floating-Electrode).
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the MOSFET amplifier when used in the non-inverting feedback mode.

The second experiment was designed to investigate the amount of dc

voltage drift that could be tolerated on the floating-electrode before the

output voltage of the MOSFET operational amplifier would saturate.

Since there is no convenient method for removing the dc voltage from the

floating-electrode while the device is being exposed to challenge gases, any

large drift might limit the dynamic range of the IGEFET system. Figure

IV- 10 shows the circuit used to investigate the possible effects of large

voltage drift on the floating-electrode with respect to the dynamic range of

the IGEFET system with the amplifier configured as a voltage-follower.

This voltage-follower displayed a uniform gain versus frequency response.

The circuit is similar to ones depicted by Hufault [6:88-89].

Amplifier Al in Figure IV-10 is configured as a summing

amplifier. It sums the Vdc and Vac inputs at the inverting input through

resistors R I and R2. Resistor R3 provides a feedback path to establish the

inverted gain of amplifier Al, which is set near zero dB. The impedance

matching amplifier A2 was configured as a voltage follower because it was

a straightforward configuration to implement with the current IGEFET

integrated circuit. The 10 kohm resistor (R4) provided a uniform load
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RI R2

IGEFET -MI f +GFT ' Oscilloscop

Driven-Gate Floating-Gate +5 volts
Unterminated

"-2" ']T-5 volts "

Note: Voltage supplies for amplifier are +/- 5 volts dc.

(a)

Theoretical Gain = R2 + 1
RI

(b)

Figure IV-9. Operational Amplifier Performance Evaluation: (a) Circuit
for Checking the Gain, Bandwidth and Vbias Level, and (b)Calculation of
Theoretical Gain.

IV-24



for amplifier A2 while it was connected to the high impedance input of the

dual-channel oscilloscope (B&K Instruments, Model 1570A). The signal

generator for Vac (Wavetek Corp., Model 186) provided a sine wave that

was manually swept through selected frequencies ranging from 10 Hz to 5

MHz. The signal generator for Vdc (Hewlett-Packard, Model-6236B)

provided a dc voltage level that was set at the following voltage levels:

-3.80, -3.03, -1.00, 0, +1.00, +2.00, and +3.80 volts. In addition, Vbias

for amplifier A2 was set at -2.87 volts dc as measured with a voltmeter

(B&K Instruments, Model 388-HD).

The dc voltage, Vdc, was set at one of the selected levels while the

frequency of the ac signal was varied. The outputs of the summing

amplifier A l and the voltage follower amplifier A2 were ac coupled to the

oscilloscope inputs. These output voltages were recorded and compared at

each frequency of interest.

The dc resistance measurements across the IGE's driven- and

floating-electrodes were performed using the procedure recommended by

the electrometer manufacturer (Keithley Instruments, Inc., Model 617)

[10]. In particular, the electrometer was used in the voltage/ampere (V/I)

mode. This operational mode permits the

IV-25



RI R3

:Z 7Summing
"'".] I mplifier

~Vin ..._  , Vtest-in

To IGEFET
+5 volts Floating-Gate

9 ... Voffset

. .Oscilloscope
- -5-5volts

Vtest-in 'jCh1

Ch2

Voltage-Follower Vtest-out
Amplifer

R4VinA2W

IGE IGE +5 volts
Driven-Gate Floating-Gate

Unterminated

-5 volts

Note: Voltage supplies for amplifier are +/- 5 volts dc.
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measurement of resistances on the order of 1016 ohms [10:2-19]. Using

this mode minimizes the effects of the leakage resistances and distributed

capacitance [ 10:2-19, 26:4-30]. When operated in !his mode, the

electrometer uses a bias voltage to drive a current through the device

under test (DUT). For this investigation, the level of bias voltage was

selected to be in a region where the DUT would be expected to behave in a

linear fashion. The dc bias voltage used in conjunction with the

electrometer for the dc resistance measurements across the interdigitated

floating- and driven-electrodes was established by reviewing the previous

research accomplished by Jenkins [7:5-13,15], Shin [22:IV-7] and Hamann

[5:77]. This bias level is a 'best pick' choice for attaining a region of

voltage versus resistance which closely approximates linearity for the

CuPc, CoPc, and NiPc materials.

Computer Controlled Data Gathering Using the GPIB

Interconnected Instrumentation. One of the prime objectives of this thesis

was to collect data from five instruments, on a minute-by-minute basis,

for periods of time extending exceeding one day in duration. A

reasonable methoe of accomplishing this objective was to utilize the

General Purpose Instrumentation Bus (GPIB) available on all of the

primary measuring instruments. The GPIB bus was controlled with a
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Zenith 248 personal computer equipped with a GPIB interface card

(Capital Equipment, Model PC<>488).

The general layout of the GPIB controller, instrumentation, and the

devices under test are depicted in Figure IV- 11. Detailed signal flow and

wiring diagrams are available in Appendix I. The software to control the

GPIB instrumentation was originally written in BASIC, and then

translated into PASCAL. The PASCAL package was modified as changes

arose in the requirements for the software's performance.

The software performed several functions while controlling the

GPIB system shown in Figure IV- 11. The software reset, initialized, and

triggered the instrumentation, and then stored the data on magnetic media.

Simultaneously, the software sequenced the opening and closure of the

signal line switching relays which routed the signal line pathways from the

instrumentation to each of the nine IGEFET microsensors in chamber #1

and chamber #2, so that measurements could be made on all the elements

of both of the microsensor arrays in rapid succession.

Each test chamber contained a single, 64-pin LIP which held a

single IC fabricated with nine individual IGEFET systems. Each IGEFET

system was composed of an interdigitated gate electrode (IGE) and an

impedance matching amplifier with one input (a MOSFET gate)
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connected to the floating-electrode. The IGEFET DIP in test chamber #1

was used to study the IGE structure's dc resistance and impedance values.

The IGEFET DIP in test chamber #2 was used to study the IGEFET

system's response, including the overall system's gain/phase, time- and

frequency-domain response to 50 Hz square waves at 2 volts peak-to-peak.

Two relay scanner frames (Wavetek Corp., Model 603, and

Keithley Instruments Inc., Model 706) formed the switching matrix

providing signal paths between the instruments and the integrated circuits.

In test chamber #1, either dc resistance measurements or impedance

measurements were collected, but not simultaneously. That is, when in the

dc resistance mode, a measurement (Keithley Instruments Inc., Model 617)

was taken every 20 to 30 seconds on one of the IGE structures. This

meant that each individual array element was assayed approximately every

4 minutes. Figure IV-12 depicts the test wiring diagram for the dc

resistance measurements across the IGE. When this chamber was used in

the impedance mode (Hewlett-Packard Co., Model HP-4194A),

measurements were taken on each individual array element approximately

every 15 minutes.

In test chamber #2, three individual IGEFET systems were always
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being measured at any one time. While the gain/phase response of one

IGEFET system was being measured (Hewlett-Packard Co., Model HP-

4194A), the spectrum response of a second IGEFET system was being

gathered (Hewlett-Packard Co., Model 4195A), and the time-domain

response of a third IGEFET system was being collected (Hewlett-Packard

Co., Model HP-54100A). The function generator (Wavetek Corp., Model

23) provided a 50 Hz, 50 % duty cycle square wave with a 2 voltpk-to-pk

signal amplitude which served to excite the microsensor's driven-

electrode. Figure IV- 13 depicts the gain and phase angle measurement

scheme for the IGE's impedance matching differential amplifier system

response. Figure IV-14 depicts the gain-phase measurement scheme for

accomplishing the response measurements for the impedance amplifier

only.

The impedance matching amplifiers in the IGEFET systems were

configured as voltage followers (unity-gain). The low-noise amplifier

(Stanford Research Systems, Model SR560) was used with unity gain and a -

3 dB rolloff at 1 MHz to provide optimal ac coupling to the oscilloscope.

The output of the impedance matching amplifiers of the IGEFET

systems were ac coupled through an amplifier (Trig-Tek Instrumentation,

Model 205B) before being passed to the spectrum analyzer.
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FE = Floating-Electrode, IGE = Interdigitated Gate Electrode, Q1
through Q7 Form the Amplifier, R = 10 kohms).
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A 64-pin DIP header was constructed with known resistor values

soldered between the pins that matched the floating-gate and driven-gate

pairs on the IGEFET DIP. A similar header was constructed with known

resistor values soldered between the pins that matched the driven-gate and

impedance matching amplifier pairs on the IGEFET DIP. These headers

were used during the test and development of the software and hardware

reflected in the Figure IV-1 1 architecture. The resistor header values

were measured by the various instruments and recorded on a floppy disk

for storage. The values recorded were checked against those actually in

the headers. The software/hardware was cycled relative to known

checkpoints to verify the proper opening and closing of the signal

switching relays.

To check the overall bandpass and attenuation of the signal

switching system, a 20-dB attenuation standard (Pomona Electronics, 4108-

20 dB, 50 ohms) was inserted at test cabinet #2, between the input/output

cable pair that would normally be connected to the driven-electrode and

impedance matching amplifier's output for IGEFET array #1. The

measured attenuation was -19.9 dB.

Test Chamber Fabrication. The test chambers and test-lead cabinets

used for the gas exposure experiments were designed and built at AFT.
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These chambers were modified by replacing the original zero-insertion-

force sockets (ZIFs) with more robust versions capable of withstanding

temperatures up to 200 0 C (3M Corporation, Textool PNs 264-4493-39

-240 and 264-4493-00-2422).

The test chamber is a rectangular box with all but the bottom made

of stainless steel. The bottom of the box is a printed circuit board with a

64-pin ZIF receptacle mounted upon it. In addition, leads for the dc

power supply for the internal heater strip and leads for a thermocouple

entered the test chamber through the printed circuit board. All of the

openings were sealed with a flexible, high-temperature adhesive. The

internal heater strip was sandwiched between the ZIFs and the 64-pin DIP

during testing to establish and control the temperature of the DIP. The

DIP's surface temperature was measured with a thermocouple attached to

the top of the DIP.

The test chamber was mounted on an aluminum cabinet. Individual

50-ohm coaxial test leads were connected to each of the 64 pins of the ZIF,

and they pass directly from the bottom of the test chamber into the

interior of the aluminum cabinet. The cable shields are tied together and

terminated on the body of the test cabinet. The test lead center conductors

are terminated on BNC bulkhead connectors mounted on the
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front panel of the aluminum cabinet. During the test measurements, the

cabinet and the interior shields were tied to the signal path grounds which

isolated them from the power supply ground paths.

Gas Delivery System. The gas delivery system controlled the

concentrations and volume flow rates of the carrier (purge and diluent

functions) and challenge gases. These gases are delivered to the test

chambers, as depicted in Figure IV-16.

The carrier gases used in the experiments were either dehumidified

room air or pure N2. The room air was dehumidified using a desiccant

vessel, and then passed through an activated charcoal filter to remove

organic contaminants. This process was monitored with a hygrometer.

The gas generation system provided flow control of the carrier and

challenge gases. Provision was made to mix these gases prior to their

entry into the test chamber.

The test gases were generated from gas permeation tubes (G-Cal

Permeation Devices, GC Industries, Chatsworth,Califomia) containing the

particular gas molecules of interest. The permeation tubes release the gas

of interest at a predetermined rate which depends upon the tube's

temperature while it is situated in a heating bath (NesLab, Model RTE-

8DD). The actual concentration of the challenge gas generated is then
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established by controlling the volume flow of the carrier gas across the

throat of the tube. The flow rate of all the gases entering the test chamber

was controlled by using calibrated glass-bead flow meters (Gilmont

Instruments, Inc., Great Neck, New York). With the exception of the

glass walls and teflon fittings of the flow meters, the gas pathways were

stainless-steel tubing.

Experiments Designed to Limit the Range of Variables (Series I). A

series of experiments (Series I) was conducted with the purpose of

establishing coarse boundaries on the ranges of five experimental variables.

One variable was the temperature to be used for the gas exposures.

Another variable was the range of film-thicknesses expected to bracket a

'best' thickness at a fixed exposure temperature. The third was the choice

of carrier and purge gas. The fourth variable was the length of time the

thin-films would be exposed to the challenge gases. The fifth was the

length of any 'preconditioning' or 'curing' exposure associated with the

challenge gases.

This series of experiments was conducted using the GPIB system

shown in Figure IV- 11. The gas delivery system is depicted in Figure

IV-16. Details of the experimental results are presented in Chapter V.

Based upon the preliminary test data conducted to evaluate the
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IGEFET operational amplifier's bandwidth and gain as the dc level on the

floating-electrode was varied from +3.8 to -3.8 volts dc, the basic

operational configuration for the gain/phase, spectral and pulse

measurements were conducted with the MOSFET amplifiers operated as

unity-gain devices with a bias voltage at 0 volts dc. This configuration

manifested good stability and bandwidth.

The Series I experiments were conducted with the IGEFETs coated

with CuPc thin-films of various thicknesses and N02 as the challenge gas.

This combination was selected because previous investigators [7, 26]

resported achieving reproducible responses relative to the challenge gas

concentrations that could be produced with the gas generation system.

Using the CuPc thin-films and the N02 challenge gas as a routine

parameter pair, the effects of temperature were investigated. Identifying a

single operational temperature for the exposure and purge cycles was of

primary interest. The goal was to establish a temperature which

manifested acceptable sensitivity and reve- sibility in a time frame less than

60 minutes. The upper limit of the temperatures investigated was bounded

by the components used in the construction of the test chamber; a

maximum excursion of 200'C. Thus, a series of gas exposure and purge

responses at 30°C, 90'C, 120°C, and 150'C were investigated. One test
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was accomplished at 30'C for the entire test, with the exception of a one

-hour long trial at 90'C during the post-exposure purge cycle. Another

test trial was accomplished using 90*C for the entire test with the exception

of a one-hour duration trial at 120'C during the post-exposure purge cycle.

The temperature chosen as the 'best' temperature tested was 150 'C. This

choice was reinforced by work performed on lead-phthalocyanine thin-

films conducted by Cranny and Atkinson [3:172]. The 150'C operating

temperature reduced the apparent influence attibuted to oxygen and water

vapor, and it also dramatically shortened the PbPc recovery time [3:172].

The 150'C temperature was used for the majority of all subsequent Series

II challenge gas exposure and purge trials.

Determining a range of film-thicknesses to be used for the

investigation was difficult. As a preliminary step, scanning-electron

microscopy photographs of coated and uncoated IGE structures were

analyzed. There appeared to be an air-gap between the metal fingers of the

IGE and the MPc material deposited between, and upon, the fingers. In

addition, a significant undercut below the edges of the metal IGE finger's

at the interface between the metallic fingers and the supporting silicon

dioxide. This undercut appeared to be an artifact of the IGEFET

fabrication process. Initially, MPc film thicknesses were considered that
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would provide three different levels of overlap between the top of the MPc

film and the edges of the metal fingers. For the initial studies, the chosen

thicknesses were 2,000 A, 12,000 A, and 30,000 A. Figure IV-7 depicts

the relation between the tope of the MPc and the IGE fingers. The first

thickness was intended to provide a small overlap of the top of the MPc

film with the lower edge of the metal finger. The 12,000 A thick film

established the top of the MPc film between the top and bottom edges of the

metal finger edges. The third thickness (30,000 A) resulted in the top edge

of the MPc layer extending past the upper edge of the metal fingers. After

testing these thicknesses, an assessment was made regarding their ability to

sense a challenge gas and then subsequently revert to the pre-exposure

condition. Based upon these results, a second set of film thicknesses was

identified (2,000 A, 5,000 A and 10,000 A). These thicknesses were used

for the bulk of the remaining Series I and Series II tests.

The selection of a carrier and purge gas was determined by

examining the merits of using N2 or dehumidified room air as diluent and

purge gas. N2 was attractive because the number of gas components in the

system during the purges would be limited to one, and the number during

challenges would be two. This situation contrasted the multicomponent

system resulting from the use of room air as the carrier and purge gas. To
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assess the affect of N2 versus dehumidified room air as a purge gas, a seven-

hour long test was conducted at 120'C. During the first three hours of the

test, N2 was used in the test chambers. Room air at 8 % relative humidity

was utilized for the next hour, followed by an N2 purge lasting three

hours.

The decision to use room air as the purge and carrier gas was made

based upon the desire to test the devices under conditions in which they

would likely be exposed to in practical applications, namely room air, not a

pure N2 atmosphere.

The choice of the type of signal waveform for the time domain

analysis was influenced by the early findings in the frequency-domain

response data gathered during the Series I tests. Initially, the waveform

used was a voltage pulse with a repetition rate of 1,000 Hz. These early

tests were examined for changes in the frequency- and time-domain content

upon exposure to the challenge gas. The pulse waveform contained

significant power in only the higher harmonics of the 1,000 Hz

fundamental. Since we found the overall IGEFET system response similar

to a low-pass filter with the transfer function shape modulated by the

challenge gas exposure, much of the low frequency information regarding
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the modulation was lost when using the pulse wave described above. In

order to gather more information in the lower frequency region, a

waveform with a much lower fundimental harmonic frequency content was

desired. In addition, a symmetric, square wave was chosen to reduce any

dc voltage charge-induced buildup at the driven- and floating-electrodes.

A square wave with a 50 Hz repetition rate, 50 % duty cycle, and

2 voltpk-to-pk amplitude was chosen for the remainder of the Series I, and

subsequent Series II tests.

Establishing the exposure duration for the challenge cycles was

motivated by the desire to operate near equilibrium, but not to the point of

saturation. During the initial experiments in the Series I exposures, the

trials were one-hour long. In most cases, this time duration was much

longer than needed for the resistance values to attain equilibrium. Usually,

approximately 15 minutes was sufficient to attain a near-equilibrium

response.

Another related issue was the question of whether or not to 'pre-

condition' (or 'cure') the films by exposing them to a 'very high'

concentration of the challenge gas (larger than would normally be expected

in the environment) for a 'very long period of time', at the start of each

new test. Results reported by Wilson et al [25] while working with PbPc
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thin-films exposed to N02 supports the concept of preconditioning. That is;

Essentially, to attain reproducibility the sensor must be
operated with a constant residual value, which we call the
baseline, of strongly bound N02 on the surface. Further,
reversal of the sensor response in clean air to remove less
strongly bound N02 must not be allowed to continue too long,
otherwise a proportion of the strongly bound N02 will
desorb, change the fractional surface coverage, and hence
modify the response kinetics. Typically, the behavior of a
fresh film exhibits an initialization effect whereby the sensor
shows little response to the presence of N02 over a period of
several hours. This is attributed to population of the various
adsorption sites by N02 and desorption of bound oxygen. On
subsequent exposures to N02 the response increases until
reproducible kinetics are obtained.... If the sensor is reversed
in clean air, a certain base surface coverage will remain,
giving a measurable response on subsequent exposures. If,
however, the sensor is fully reversed, for example by
heating... the initialization process is observed again.
[25:500].

A Series I test was conducted with a one hour long exposure prior to

exposures at lower concentrations to provide data to evaluate the impact of

the preconditioning process. The resistance values from this test were

compared to the results obtained with the same concentrations of gases, but

without the preconditioning exposure. The comparison focused on the

effects noted in the overall baseline drift throughout the entire test's

duration.
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Based upon the initial Series I tests, it was decided that an hour long

preconditioning exposure to the highest concentration to be used during the

test would provide a more stable baseline for calculating sensitivity and

reversibility. A one hour duration preconditioning exposure was

incorporated in all the Series II tests.

Although no testing of the effects of relative humidity were

accomplished during this research effort, a fixed level of relative humidity

used during this investigation was established based upon the work of prior

investigators [5:76]. The desired level of relative humidity (RHAPSODY)

in the purge and carrier gases passing through the test chamber during the

experiments was controlled to a level spanning 0 to 10 %. The RH was

limited because H20 molecules are known to compete for absorption sites

on the thin-films [5:76]. The humidity of the room air carrier gas was

reduced to an acceptable level by passing it through an absorbent material

prior to routing it to the gas metering and challenge gas generation

apparatus. Additionally, the temperature of an IGEFET sensor under test

was thermostated at 150"C ± 2*C. At this high temperature, any absorbed

H20 molecules would be evolved from the thin-film surface with the added

effect of desorbing weakly bound 02 [3:172]. An additional impetus for
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drying the air was the possibility that the challenge gases might interact

with the H20. As an example, the N02 challenge gas may react to form

nitric acid [5:76]. That is;

4N02 + 2H20 + 02 ---- > 4HN03. (IV-l)

To summarize, the series I tests were used as a basis for identifying

the basic test parameter boundaries that were used during the Series II

tests. The parameter boundaries used for the Series II tests included: film

types (CoPc, CuPc and NiPc); nominal film thicknesses of 2,000 A, 5,000
0 0

A, 10,000 A; temperature for challenge and purge cycles thermostated at

150°C; the gas for the carrier and purge cycles (dehumidified, filtered

room air); the time-domain signal input was a 50 Hz, 50 % duty cycle

square wave with a 2 voltpk-to-pk amplitude; and a one-hour duration

preconditioning challenge gas exposure.

Focused Testing (Series II). At the end of the preliminary test

phase, a set of particularly promising test variable ranges and test

conditions had been defined. This led to the structured test and evaluation

paradigm depicted in Figure IV- 17. The following nominal test
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parameters were applied to the paradigm: BF3, N02, DMMP, DIMP, and

NH3 for the challenge gases; CoPc, CuPc, and NiPc as the thin-film

materials with 0.2, 0.5, and 1.0 g-m as the their thicknesses; 1500 C as the

sensor's temperature; and two to five different challenge gas

concentrations would be utilized. The test cycle manifesting the best

perfomance was chosen with a preconditioning, high concentration

challenge gas exposure with the intent of curing the thin-films and

reducing the amount of baseline drift with respect to time.

The time phasing of the purge and challenge gas merits an

explanation. At least two hours prior to activating the data collection

instrumentation, the IGEFETs to be tested were placed in their respective

test chambers. In the time period prior to the data collection process, the

DIPs were brought up to the 150'C test temperature with room air purge

gas flowing over them. After this 2-hour stabilization process, the data

collection process was initiated. For fifteen minutes, the purge process

was continued to collect the baseline data. Next, the DIPs were challenged

with a high concentration of challenge gas for 1.25 hour. This process

established the preconditioning phase. This event was followed with an

hour long purge. The remainder of the test cycle consisted of serially

challenging the DIPs for fifteen minutes, and then purging them for one

IV-49



hour. These challenge/purge cycles were repeated four times at each

concentration of the challenge gas. Each challenge gas was typically tested

using two to five different concentration levels. This meant that the data

collection for a particular type of film, for a particular challenge gas,

could consume nearly 30 hours.

The test paradigm used to capture the test variable ranges was

established as a nested loop structure. Figure IV-17 depicts the nested

structures. The central loop represents the test features that were iterated

most frequently, namely, the specific IGE device or IGEFET microsensor

system selected from the DIP's 3 x 3 array. Two, nine-element array

DIPs were tested at the same time; one in test chamber #1 and the other in

test chamber #2. One nine element array was used for dc resistance

measurements, while simultaneously, the other array had its ac parameters

measured. Moving outward in the nested loop, the various items iterated

upon are shown, until finally, the last item iterated upon is the type of gas

being used to challenge the coated IGEFETs.

One of the primary concerns in the test sequence was establishing

the amount of time needed for the IGEFETs to respond during a challenge

gas exposure and attain equilibrium. Based upon previous experiments

conducted on similar devices, the choice was made to use a single, one
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hour preconditioning exposure of the challenge gas, followed by a

purge/challenge cycle described in the previous paragraph. This was the

basis for the 'Test Cycle' loop in the nests.

A recap of the specific test parameters derived from the Series I

tests and used in the Series II tests is given in Table IV-2.

Series III Testing. A short series of tests were conducted to assess

the impact of lowering the purge and exposure temperature relative to the

response of the IGEs and IGEFET sensors to DIMP and DMMP at low

concentrations (3 ppm and 10 ppm, respectively). These tests were

conducted with a modified 'purge and expose' paradigm with three

different temperature phases. In the first phase, the temperature was

equilibrated at 150'C for 1.25 hours with the purge gas, followed by 1.25

hours of challenge gas exposure at the same temperature. At the

beginning of the second phase, the purge gas was selected, and the

temperature was lowered to 90°C. After 1.25 hours of purge, the second

challenge was accomplished at 90°C. The third phase purge and exposure

temperature was 30°C. At the end of the third challenge, the purge gas

was selected, and the temperature was increased to 150'C for 15 minutes.
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Table IV-2.

Test Parameters Used for Series II Testing.

Thin-Film Materials CuPc, NiPc, CoPc

Nominal Film Thicknesses 2,000 A, 5,000 A, 10,OOOA

Challenge Gases and N02 : 30, 50, 100, 500, 1,000 ppb
Concentrations NH3 : 16, 106, 250, 500 ppm

BF3 : 24, 105 ppm
DMMP: 0.2, 0.4, 0.8, 1.6, 3.2, 10 ppm
DIMP : 3 ppm

Test Temperature Constant 150 0 C ± 2 0 C

Carrier/Purge Gas Filtered room air (0 - 10% RH)

Vdd and Vss +5 volts dc & -5 volts dc, respectively

Vbias 0 volts dc relative to Vss

Impedance Matching Amplifiers in a Unity-Gain Configuration and a
Constant 10 kohm Load Resistor on the Outputs.

Summary.

In summary, the investigation process began with the visual and

electronic qualification of the uncoated IGEFET arrays received from the

MOSIS IC fabricator. The inspections continued with the SEM
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Pulsed Challenge Gas:
BF3, DFP, DIMP, DMMP, NH3, N02,

Thin-Film Material:
CoPc, CuPc, NiPc

Test Temperature:
150 0C

Challenge Gas Concentration:
Two to Five Concentrations

Test Cycle:
Air-to-Challenge gas or
Challenge Gas-to-Air
One 5-hour long cycle

[Ij1 J1 j -Challenge
Time: PurgeTime ---- w

Test Parameter
Measured:

CHAMBER 1 CHAMBER 2
IGE I to 9 IGEFET I to 9 Note: Three thicknesses of

-Resistance - Gain/Phase each MPc coating are on a
-Impedance -Time-Domain single IC with nie IGEFl;Ts

Response per IC. (2,090 A, 5,000 A,
-Frequency- and 10,000 A film
Domain thicknesses),. • Resmonse

Figure IV-17. Test Loop Relationships for Each of the Challenge
Gases ( BF3, DFP, DIMP, DMMP, N02, and NH3).
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photographs of the bare IGE structure and the thin-film coated IGE

structures. The deposition of the thin-films was accomplished using

vacuum sublimation, and the film's thickness was established using stylus

profilometry. The material's deposited included the polymeric

semiconductors CoPc, CuPc, and NiPc. Once the devices were fabricated,

they were again checked for adequate performance prior to being exposed

to the challenge gases. An automated test and data collection system was

designed and constructed utilizing a GPIB instrument controller and a

GPIB-controlled signal pathway switching matrix which linked the test

equipment and the devices under test. Two test chambers were modified

to facilitate test temperatures as high as 200°C. They were also modified

to accommodate an entry port for the challenge gases so that they were

delivered above the thin-film coated IGEs. A gas generation system was

used to provide delivery of the purge and challenge gases to the device test

chambers. Two series of tests were performed to determine the sensitivity

and reversibility of the fabricated devices. Test Series I identified the

basic boundaries of the test parameters that promised to provide useful

information. The Series II tests accomplished an in-depth data gathering

effort as the test parameters were varied through their respective limited

ranges. The Series III investigation utilized a modified testing paradigm
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to investigate the affects of lower exposure and purge temperatures

relative to the response of DIMP and DMMP at low concentrations (3 ppm

and 10 ppm, respectively).
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V. Experimental Results and Discussion.

IGEFET Device Physical Measurements.

Visual Inspection of the IGEFET Devices. A complete and detailed

macroscopic visual inspection of the devices and their packages did not

reveal any obvious defects or significant deviations relative to the physical

specifications sent to MOSIS for implementing the fabrication process.

Microscopic inspection of the IGEFET devices proved to be less

impressive. Specifically, the etching process used to remove the metallic

conductor material between the interdigitated gate-electrode (IGE) fingers

also removed much more material than anticipated, thereby reducing the

thickness of the insulating layer between the metal ground plane and the

region which supports the chemically-active thin-film material. The

etching process also severely undercut the material supporting the IGE

metal fingers. This defect is shown pictorially in Figures IV-3 and IV-4.

Determination of the IGEFET's Bias Voltages and Feedback

Configuration. Before evaluating the thin-film responses to the challenge

gas, the IGEFETs operational parameters for the in situ MOSFET

amplifier section established. The primary goal of this effort was to

establish a complete operational system configuration which would be very
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stable throughout the duration of the challenge gas exposure trials, and

which would not require a significant amount of operator intervention

while the experiments were being conducted. A fundamental issue

requiring resolution was whether the MOSFET amplifier would perform

as designed and simulated using the SPICE® software tool [8].

The initial MOSFET amplifier measurements focused on

determining the Vbias levels. Figure IV-9 shows the instrumentation

arrangement used to investigate the effects of varying the bias voltage,

along with the necessary components for configuring the amplifer's

feedback. By using resistive feedback components, the overall gain of the

amplifier could be readily established. This mode prevented the gain from

being dominated by the electrical nature of the amplifier itself, with its

inherent susceptibility to thermal effects and local noise sources.

Additionally, since the primary function of the MOSFET amplifier was to

provide isolation of the IGE structure from the loading effects imposed by

the test instrumentation, its utility in a stable operational mode was

desirable. Basically, the MOSFET amplifier acts as an impedance

matching device by providing maximum signal transfer with minimal

loading to the IGE structure. In the non-inverting mode, with gain, the

least amount of signal clipping was observed to occur when the amplifier
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was operated with an applied Vbias of -2.88 volts.

During this experiment, the gain/bandwidth information

demonstrated the stability and linearity of the MOSFET amplifier. Table

V-1 provides a comparison of the theoretical gains with those obtained by

direct measurement. The resistors, R1 and R2, are those shown in Figure

IV-8. The measured -3 dB bandwidth also is shown on Table V-1.

Table V-1

Non-Inverting Amplifier Configuration Performance.

R1 R2 Theoretical Actual -3dB
(ohms) (kohms) Gain (dB) Gain (dB) Frequency (kHz)

1030 2,260 66.8 55.7 20

1030 114.7 40.93 39.6 200

10.7 114.7 20.6 20.4 700

The theoretical gain for the non-inverting MOSFET amplifier

configuration matched the actual gains up to the apparent open-loop circuit

limit near 55 dB. The gain-bandwidth plots in Figure V-1 depict the

measured data collected during this experiment. Curve "A" resulted when

RI and R2 were 1,030 ohms and 2.26 x 106 ohms, respectively. The
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Figure V-I. Gain versus Frequency. Experimental Results of the
MOSFET Amplifier with Vbias = -2.88 volts. (Plot A is for R2/R1 
2,260/1.030. Plot B is for R2/R1 = 114.7/1.030. Plot C is for
R2/R1 = 114.7/10.7).
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theoretical gain of 66 dB was not achieved, and it is apparently bounded by

the limitations of the MOSFET amplifier's own open-loop gain. Curves

"B" and "C" were dominated by the resistive elements in the feedback loop,

as should be the case. This experiment provided sufficient information to

justify using the MOSFET amplifier in a feedback configuration with a

constant applied Vbias level. These initial experiments demonstrated the

feasibility of operating the MOSFET amplifier (a.k.a. impedance matching

amplifier or IMA) in a non-inverting feedback configuration with a

constant Vbias.

Since it was prudent to limit the magnitude of the output signal levels

from the system combinations of the IGEFETs and their impedance

matching amplifiers (IGEFET-IMAs), the feasibility of using the IGEFET

-IMAs in a voltage-follower configuration was investigated. This

configuration required fewer resistors compared to the non-inverting

feedback design, and it also simplified the signal path connections. Figure

IV-10 depicts the configuration used while evaluating the voltage-follower

configuration for the IGEFET-IMA.

This next set of measurements validated the linearity of the IGEFET-

IMA when operated in a voltage-follower configuration. For inputs levels

spanning + 4 volts to - 4 volts, the gain linearity is shown in Figure V-2.
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This voltage range is far more broad than the range of voltages expected to

be impressed on the floating-electrode portion of the MOSFET gate-

electrode driving the input of the IGEFET-IMAs. Another important issue

addressed during this experiment was the ability of the voltage-follower

IGEFET-IMA configuration to provide a linear output as the dc voltage

level of the non-inverting input (the floating-gate electrode) drifted due to

positive or negative charge accumulations. The maximum expected dc

voltage drift was anticipated to be well within ± 3 volts. The effects of the

change in voltage gain due to the floating-gate dc voltage drift by ± 3 volts

while the IGEFET-IMA was configured as a voltage-follower, are shown

in Figure V-3 for representative dc levels of interest. Within the

frequency range less than 1 MHz, no significant signal clipping occurred.

In summary, the IGEFET-IMA was shown to possess stable, linear

operation when configured as a voltage-follower with a 10 kohm load

resistor applied to its output; supply voltages in the range of ± 5 volts and

an applied Vbias level of -2.88 volts. The 10 kohm resistor provided a

constant, stable load to the operational amplifier's output.
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Choosing to configure the IGEFET-IMAs as voltage followers

proved to be a very good decision. Changes in the overall IGEFET-

microsensor's system response that might have been attributed to the

MOSFET-IMAs were reduced, and thus, the focus shifted towards

interpreting those changes induced by the thin-film's interaction with the

challenge gases.

Series I Performance Evaluation

The Series I performance evaluations focused on defining an

envelope of physical parameters which would provide an opportunity to

observe the interactions between the respective challenge gases and the

chemically-active thin-film coatings. The list of physical parameters

included, but was not limited to, the following: thin-film type, thin-film

thickness, challenge gas type, challenge gas concentration, operating

temperature, relative humidity, and cariier gas type. Additionally, the

procedural steps employed while conducting these experiments had a direct

impact on the overall system's response to the challenge gases.

The initial thesis plan of attack proposed to reduce the physical test

parameter domain to a set of three operational temperatures, three thin-

film types, three thin-film thicknesses, two relative humidities, three or
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four challenge gas types, three or four concentrations of each type of gas,

and each challenge gas concentration exposure was to be repeated three

times. The initial experiments revealed that, for the CuPc thin-film

material to achieve a psuedo-equilibrium during each phase of a purge-

challenge-purge gas exposure cycle, a minimum of approximately two

hours was required. Once this tentative time requirement was established,

a projection for the total experimental manhours was computed. Due to

the scope of the testing, this detailed projection of the required manhours

revealed that more than three months of continuous testing would be

needed to finish these tests. This quantity was deemed untenable, given the

length of time permitted to complete this thesis investigation. Based upon

this manpower estimate, the Series I performance evaluation was used to

establish a basis for simultaneously reducing the physical test parameter

envelope to include a single temperature and a single relative humidity

level, thereby reducing the manhours required to achieve a level of

approximately three weeks of continuous testing.

The combination of CuPc thin-films and the N02 challenge gas was

used in the Series I performance evaluations. This combination

represented a viable ensemble based upon the previous work by other

investigators [7; 14; 22; 26]. The first two parameters investigated
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included the effects of the thin-film thickness and the operating

temperature relative to the sensor's sensitivity and reversibility with the

CuPc and N02 ensemble.

Thin-Film Thickness. One important aspect of the thin-film

thickness concerned the amount of overlap anticipated between the

interdigital layer of CuPc thin-film and the edges of the IGE fingers.

Prior to the gas exposure experiments, a microscopic examination of

several IGEs with thin-film coatings was conducted. The results revealed

that the deposited CuPc thin-films had very distinct gaps at the interface

between the IGE finger's vertical side walls and the interdigital, dielectric

supported regions. There was no visually discernible physical contact

between these two regions. The following paragraphs include further

observations concerning the physical architecture of the IGE and thin-film

CuPc structure.

IGE Structure and Thin-Film Coating Deposition Process. Etching

the IGE structure during the MOSIS fabrication process had a dramatic

impact on the thin-film's structure. Instead of a single, uniform,

continuous, chemically-active layer deposited on the IGE elements when

the thin-film MPc materials were deposited, many discontinuities were

formed along the junction between each IGE finger and the dielectric
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support material. These gaps are depicted in Figures IV-5 and IV-6. In

addition, the over-etched interdigital dielectric support material made it

very difficult to predict the relationship between the top of the thin-film

material and the top, and vertical edges of the IGE fingers. One of the

goals of the thin-film deposition process was to produce three distinct

thicknesses of thin-film material on different sets of IGE array elements,

with one thickness just barely contacting the lower vertical side wall of the

IGE, a second thickness that was near the mid-point of the IGE finger's

side wall, and a third thickness level reaching the top surface of the IGE

fingers. These thicknesses were selected to (hopefully) span a region with

electrical impedance characteristics which would include a 'good' region of

selectivity and reversibility for each of the challenge gas types. The basic

idea was to vary the amount of physical contact between the thin-film and

the IGE fingers.

Monitoring the thin-film thicknesses produced in the vacuum

deposition system was accomplished with an in situ quartz crystal

microbalance (QCM) and a stylus profilometer. As described by Capt

Jenkins, the stylus profilometer scratches the fragile MPc films, and thus, it

reveals only an approximation of the actual thickness with a significant bias

error [7]. The QCM and the stylus profilometer thickness measurements
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were generally within 20% of each other. The stylus profilometer

measurements were used to report the thicknesses.

Several of the initial experiments dealt with determining the triad of

thickness values to be used in the Series II experiments. The transfer

functions for a typical experiment are shown in Figures V-4 and V-5. The

thicker film requires more time to return to its equilibrium level after a

challenge gas exposure. Even though this experiment was conducted at

90"C, similar observations were made at higher temperatures; that is, the

thicker films tend to require more time to revert to their pre-challenge

values, and they were more likely to not reverse as completely as the

thinner films. Figure V-6 clearly supports this implication. In Figure V-

6, two thin-films differing in thickness by an order of magnitude (1,600 A

versus 30,000 A) show marked differences in response speed to the same

challenge gas exposure concentrations, as well as the rate of reversal

toward achieving a post-challenge purge equilibrium resistance. Another

example of the reversal delay can be observed in Figure V-7 for a film that

is 8,800 A thickness at a constant 120*C temperature.

Another phenomenon observed while investigating the thin-film

thickness effects was the downward drifting of the 'baseline' resistance

values; this lasted for many hours. This behavior is shown in Figure V-8
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where the resistance versus time values for two 30,000 A thick CuPc films

are shown. The continuous downward drift in resistance during the entire

experiment can be observed, and it is most noticeable during the first few

hours. Much less drift was observed with the thinner films. Figure V-9

shows an example of this behavior for a 1,200 A thick CuPc film. Based

upon repeated observations similar to those mentioned in the previous

paragraphs, a decision was made to use a nominal film thickness triad of

2,000 A, 5,000 A, and 10,000 A for the remaining experiments.

During the early stages of the Series I performance evaluations, the

issue concerning an appropriate purge and carrier gas for the experimental

investigation was considered. Both N2 and dehumidified room air were

available. An experiment was conducted to determine the difference in the

thin-film's dc resistance when exposed to an N2 purge gas versus a

dehumidified room air purge. The results are shown in Figure V-10. The

change from N2 to dehumidified, room air manifested itself as a decrease

in the measured resistance by a factor of approximately 3 for the 8,800 A

thick CuPc thin-film when measured at 120'C. The effect on the 1,600 A

thick film was not as pronounced. Dehumidified room air was
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selected as the purge and carrier gas for the Series II experiments because

this would test the IGEFET-microsensor under conditions more akin to

those in a practical application.

Determining the operating temperature for the Series II experiments

was very difficult for several reasons. During the first set of experiments,

the electrical sockets inside the test chamber were not rated above 150"C;

hence, the restriction to the maximum temperature of 120'C. Later in the

course of the experiments, new sockets rated at 200'C were acquired and

installed into the test chambers. This change permitted investigations to be

conducted at 150*C, while retaining a fair margin of safety to compensate

for any localized 'hot spots' in the heater strips.

The results of two experiments conducted with temperature as the

variable are shown in Figure V-11. The upper trace was measured at

90'C, while the lower plot was measured at 120°C. Two observations are

noteworthy. First, the temperature affected the initial purge resistance by

decreasing the resistance nearly an order of magnitude with the

corresponding temperature increase. Second, the recovery time for the

lower temperature is longer. The purge resistance's temperature
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dependence was confirmed in a subsequent experiment where a device was

purged and challenged (with DMMP) at three temperatures, starting at

150 0C, then at 900C, and finally at 30 0C. Figure V-12 displays the purge

and challenge resistance values. Since it was desirable to reduce the overall

time required for each purge-challenge-purge cycle, the temperature was

increased to 150°C with a trade-off being made to reduce the purge

equilibration and the reversal times at the expense of possibly lowering the

rate of challenge gas interaction with the MPc films. The 150'C

temperature was subsequently used throughout the Series II tests.

The next experimental parameter established was the procedure for

challenging the IGEFETs with each test gas used in each Series II test. The

first scheme utilized three sequential challenges at each concentration of

interest, with monotonically increasing concentrations. The results of a

CuPc and N02 experiment are shown in Figure V-13. Figure V-13(a)

shows that drift occurred in the purge resistance baseline as the experiment

progressed. In order to reduce the amount of baseline drift, a

preconditioning phase was integrated into the procedure. The results of

this procedural change are demonstrated in the Figure V-13(b). The drift

is only reduced, not eliminated. The preconditioning phase was adopted

for the subsequent tests.
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Throughout a Lengthy Experiment. (a) 10,000 A Thick CuPc Film with
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(b) Behavior of a 8,800 A Thick CuPc Film with a Preconditioning
Phase. This Test Series was for Three Exposures each at 1000 ppb, 30
ppb, 50 ppb, 100 ppb, 500 ppb and 1000 ppb. Test Conditions:
Temperatures (150 °C); Nitrogen Dioxide Challenge Gas; Room Air for
Carrier/Purge.
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At this point, the test parameters for the Series II tests had been

established. Specifically they included: temperature of 150'C; nominal

thin-film thicknesses of 2,000 A, 5,000 A, and 10,000 A; dehumidified

room air carrier and purge gas; preconditioning the thin-films with a 1.25

hour duration exposure to a high concentration of the challenge gas;

subsequent challenge exposures repeated in triplicate with each exposure

lasting 15 minutes and each intermediate purge lasting approximately 1

hour.

The specific concentrations of the challenge gas used depended upon

the physical limitations of the gas generation system, and the available rates

of gas release from the permeation tubes in the laboratory stock. The test

parameter envelope developed from the Series I tests, and the other

experimental limitations discussed are summarized in Table V-2.

Results of the Series II Gas Challenge Experiments.

This portion of the results discussion is organized by the specific

challenge gas used for the exposures. The test conditions used in the

Series I1 tests are summarized in Table V-2. Detailed experimental results

for the CuPc, CoPc, and NiPc films are summarized in Appendix C,

Appendix D, and Appendix E, respectively.
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Table V-2.

Test Parameter Ranges for the Series II Tests.

Test Parameter Range of Values

Challenge Gas Type BF3, DFP, DIMP, DMMP, NH3,
and N02

Gas Concentrations DMMP: 10 ppm
DIMP 20 ppm
DFP 1000 ppb
N02 30, 50, 100, 500, and 1000 ppb
NH3 16, 106, 250, and 500 ppm
BF3 24, 48 and 105 ppm

Thin-Film Material Copper Phthalocyanine (CuPc)
Cobalt Phthalocyaninc (CoPc)
Nickel Phthalocyanine (NiPc)

Thin-Film Thickness 2,000 A, 5,000 A, and 10,000 A (nominal)

Exposure and Purge 150 0C
Temperature

Relative Humidity 2-5% nominal

Diisopropylfluorophosphonate (DFP) Challenges. The DFP

permeation tube contained a liquid in its upper chamber, and so, its ability

to provide a reliable flow of gas was questioned. A replacement tube

could not be requisitioned in time to be included in this investigation.
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Dimethyl Methylphosphonate (DMMP) Challenges. The first test

with DMMP was interesting because the response with the CuPc thin-films

was so strong. However, the reliability of this first set of responses was

suspect for two reasons: first, an attempt to repeat the experiment yielded

only a negligible response; second, a close inspection of the DMMP gas

permeation tube revealed a clear liquid in its upper chamber. There was

no simple way to determine if the integrity of the permeation tube standard

was still intact. Perhaps the tube had been dispensing more than the

expected rate of DMMP during the first experiment. Perhaps the tubes

wall had been breached and it was not dispensing DMMP during the second

confirmation test. The most viable option was acquiring a new permeation

tube and repeating the experiment a third time. This action was

subsequently accomplished. The resulting dc resistance values showed that

no significant changes occurred during exposures to DMMP at

concentrations of 10 ppm at 150'C. This behavior was true for CoPc with

a 5,200 A thickness, CuPc with a 3,200 A thickness, and NiPc with a

6,800 A thickness. The conclusion was that, under Series II conditions,

the three film types were not responsive to the DMMP challenges at 10

ppm. Plots of the dc resistance values versus time during purge and

exposures for each film type are documented in their respective
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appendices.

Diisopropyl Methylphosphonate (DIMP) Challenges. The maximum

DIMP concentration that could be produced by the challenge gas generation

apparatus was 3 ppm. A single, one hour duration challenge was

accomplished with the 3 ppm challenge, at 150'C. The resulting changes in

dc resistance are noted in Table V-3. At this temperature, the changes are

not very strong.

Boron Trifluoride Challenges. Generally, all three film types

responded very weakly to the repeated BF3 challenges. Plots of the dc

resistance versus the purge and challenge cycles for CuPc, CoPc, and NiPc

are summarized in Appendices C, D, and E, respectively.

CuPc Thin-Film Response to BF3. The dc resistance

measurements of the CuPc Thin-films increased slightly upon initial

exposure to BF3, with the activity more prominent in the thicker films.

During the 1.25 hour duration preconditioning phase with 24 ppm of BF3,

the dc resistance of a CuPc (16,000 A thick) thin-film increased from 2.2

x 107 to 2.8 x 107 ohms. During the same period, the signal transfer gain
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Table V-3.

DC Resistance Changes During the 3 ppm DIMP Exposure.

Thin-film Type Resistance Values (ohms) Change (%)

CuPc (3,200 A) 5 x 108 to 4.6 x 108 -8

CoPc (5,200 A) 0.8 x10 9 to 0.7 x 109 -14

NiPc (6,800 A) 4.8 x 108 to 4.5 x 108 -6

at 10 Hz increased by almost 4 dB. However, subsequent 15-minute long

exposures produced gain changes on the order of +0.5 dB. The phase

angle response during the same exposure changed by nearly +9 degrees at

10 Hz. This response change also diminished after the initial exposure. At

these low levels of response, the degree of reversibility is difficult to

interpret reliably.

CoPc Thin-Film Response to BF3. The dc resistance

measurements decreased slightly upon exposure to the BF3 challenges with

the activity fairly uniform among the similar film samples. During the

1.25 hour long preconditioning phase with the 24 ppm BF3 challenges, the

dc resistance of the CoPc (5,400 A thick) thin-film's resistance decreased

from 7 x 109 to 1.3 x 109 ohms. During the same period, the signal
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transfer gain at 10 Hz increased by nearly +18 dB. The phase angle

response during the same exposure changed by more than -9 degrees at 10

Hz, and -30 degrees at approximately 100 Hz. However, subsequent 15

minutes duration exposures produced gain changes on the order of less than

+0.5 dB and phase angle changes less than 1 degrees. This level of

response also decreased after the initial conditioning exposure. At these

low levels of response, changes in the degree of reversibility were difficult

to interpret.

NiPc Thin-Film Response to BF3. The dc resistance

increased slightly upon exposure to BF3, with the activity slightly more

pronounced with the thicker films. During the 1.25 hour long

preconditioning phase with 24 ppm of BF3, the dc resistance of an NiPc

(12,500 A thick) thin-film increased from 6.0 x 108 to 6.5 x 108 ohms.

During this same period, the gain at 10 Hz decreased by 0.5 dB. The phase

angle response did not change over the 10 Hz to 1 MHz range. Subsequent

15 minutes duration exposures produced even less gain and phase angle

changes. At these low response levels, the degree of reversibility was

difficult to interpret reliably.

Ammonia Challenges. Generally, the CuPc and CoPc film types
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responded to the NH3 challenges more strongly compared to the NiPc thin-

film. With all three film types, the observed changes included increases in

the sensor's dc resistance and modulation of the transfer function reflected

in the gain and phase angle versus frequency plots. Detailed experimental

results for the CuPc, CoPc, and NiPc films are summarized in Appendix C,

Appendix D, and Appendix E, respectively.

CuPc Thin-Film Response to NH3. The dc resistance

increased slightly upon exposure to the NH3, with the activity being more

prominent in the thicker films. During the 1.25 hour duration

preconditioning phase with 500 ppm of NH3, the dc resistance of a CuPc

(2,100 A thick) thin-film increased from 2.5 x 108 to 8 x 108 ohms. In

the first fifteen minute challenge cycle, the same IGE's dc resistance

increased from 4 x 108 to 5.2 x 108 ohms, a 28 % resistance increase.

During the same time period, the signal transfer gain at 10 Hz changed by

approximately -4 dB. The phase angle response during the same exposure

changed by nearly +9 degrees at 10 Hz. However, subsequent 15 minutes

duration exposures produced smaller gain changes, on the order of -2 dB.

The dc resistance reversal at the end of the hour long purge cycles was

within 5 % of the original resistance value for the 500 ppm exposures.
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The frequency domain responses, in the form of gain and phase

angle versus frequency for CuPc are presented in Figures V-14 through

V-17. They clearly show the increase in impedance due to exposures to

NH3 at concentrations of ammonia between 100 ppm and 500 ppm.

CoPc Thin-Film Response to NH3. The dc resistance

measurements increased slightly upon exposure to the NH3 challenges,

with the activity fairly uniform among the different thicknesses of films.

During the 1.25 hour long preconditioning phase with the 500 ppm NH3

challenges, the dc resistance of a CoPc (5,400 A thick) thin-film increased

from 1.3 x 108 to 2.4 x 108 ohms. During the same period, the signal

transfer gain at 10 Hz changed by almost -3 dB. The phase angle response

during the same exposure changed by more than -10 degrees at 10 Hz.

However, subsequent 15 minutes duration exposures produced gain changes

on the order of less than -0.5 dB, and phase angle changes less than 2

degrees. This response change also diminished after the initial exposure.

For a CoPc (5,400 A thick) thin-film, plots of the change in gain

versus frequency revealed that the greatest changes occurred near 200 Hz;

on the order of a -5 dB change relative to the preconditioning purge value.

The magnitude of the change is not repeated for subsequent 500 ppm

V-35



-3 Gain (in WES) vesUS Frequency (In HZI

-is

G .19

a .23

n -27

-31

-35

.39

.43 1 IO 0001000 10 00 000 000 0

Figue V-14.Gai (i B ersus Frequec enen of (inEE HirZ norfraSeio

V-3



Gain (in dB) versus Frequency (in Hz)

.7

1 9

a
S-23

nl -27

-31

.3k5

-39

4 3t

10 100 1000 10000 100000 1000000

Frequency (log scale)
oPre-ozoosure a Challenge #I (106 ppm Ammonia) *Purge #1

Gain (in dB) versus Frequency (in Hz)j

G -11

a .19t

i -23

nl -27

.31-

.39

.43

10 100 1000 10000 100000 1000000

Frequency (log scale)
*Pre-*toosure a Challenge 03 (250 ppm Ammonia) * Purge N3

Gain (in dB) versus Frequency (in Hz)

.7

G
a

-23 Pre-exposure and Purge #2

- \27 Plots Are Similar

-31

1 0 100 1000 10000 100000 1000000

Frequency (log scale)
*Pr.e*oasuro a Challenge 02 (SW) ppm Ammnia) # Purge 02

FoueV-I15.. Gain versus Frequency Response of IGEFET Microsensor for a Series of
Roo? t Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number 1; CuPc Thin-film (1.600 Angstroms Thick); Temperature of 150 degrees
Centigrade: Ammonia Challenge Gas (Order of Exposures:500 ppm. 16 ppm. 106 ppm. 250
ppm. 500 ppm).

V-17



[Phase Angle (deg) versus Frequency (Hz)

P -9
h -8

a
S -27

e -36

-45

n -54

g -63

1 -72
e .8

-90

10 100 1000 10000 1OCO ioooo10000

Frequency (log scale)
oStart-up Purge a Chailenge 41 (500 ppm Ammonia) 0 Purge al

Phase Angle (deg) versus Frequency (Hz)

h -18

a
3 -27

e -36

.45
A
n -5

g -63
1 -72
e -81

10 100 1000 10000 100000 1000000

* Frequency (log scale)
*Purge #1 a Challenge #2 (500 ppmn Ammonia) * Purge #2

Phase Angle (deg) versus Frequency (Hz)l

P .9
h -1
a
s -27

e -36

-45

n 5

g- -63

-72

10 t00 1000 10000 100000 100000

Frequency (log scale)
*Pro-xposur, a Challenge 01 (16 ppm Ammonia) # Purge #1

Fi L, u re V- 16. Phase Angle versus Frequency Response of IGEFET 'Microsensor for a
Selries of Room Air Purges and Challenge Gas - xposures. Testing Conditions: IGE
Microsensor Number 1. CuPc Thin-film (1.600 Angstroms Thick); Temperature of 150
degrees Centigrade: Ammnonia Challenge Gas (Order of Exposures:500 ppm. 16 ppm. 106
ppm. 250 ppm. 500 ppm).

V-3



CL Phase Angle (deg) versus Frequency (Hz)

h
a
3 -27

e -36

-45

A .54
n
g -63

1 -72
e -8

t0 100 1000 10000 100000 1000000

Frequency (log scale)
oPre-ejiposure o Challenge #I (106 ppm Ammonia) ePurge 01

[LPhase Angle (deg) versus Frequency (Hz)]

h -to
a

s -27

e -36

-54

n
9 -63

1 -72
e .8

10 100 1000 100 llo 1100000 10101]000

Frequency (log scale)
*Proex.posure a Challenge 03 (250 ppm Ammonia) *Purge 03

thase Angle (dog) versus Frequency (Hz I

h .1
a

3 -27
e -36

-45 Pre-exposuire and Purge #2

APltArSiia
.54n
-6.3

I -72
e 8

10 100 1000 10000 100000 1000000

Frequency (log scale)
*Pre-exposure o Challenge #2 (500 ppm Ammonia) *Purge #2

Figrure V. 7Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 1; CuPc Thin-film (1.600 Angstroms Thick); Temperature of 150
degrees Centigrade: Ammonia Challenge Gas (Order of Exposures:500 ppm. 16 ppm, 106
ppm. 250 ppm. 500 ppm).

V--%9



exposures, decreasing to about -2.5 dB at 100 Hz. The peak change in the

phase angle for the conditioning exposure is +18 degrees at 500 Hz. Again,

upon subsequent 15 minutes duration exposures at 500 ppm, the magnitude

of the change in phase is not as pronounced, peaking at approximately +3

degrees at 400 Hz.

NiPc Thin-Film Response to NH3. The dc resistance

measurements increased slightly upon exposure to the NH3, with the

activity slightly more pronounced with the thicker films. During the 1.25

hour duration preconditioning phase with the 500 ppm NH3 challenge, the

dc resistance of an NiPc (12,500 A thick) thin-film increased from 4.2 x

108 to 5.6 x 108 ohms. During the same period, the signal transfer gain at

10 Hz changed by -1.8 dB. The phase angle response changed by -13

degrees at 10 Hz. However, subsequent 15 minutes duration exposures at

500 ppm produced gain changes on the order of less than -0.2 dB, and

phase angle changes less than -1 degrees.

For an NiPc (12,500 A thick) thin-film, plots of the change in gain

versus frequency reveal the greatest change occurring near 40 Hz; nearly

-2.4 dB below the preconditioning purge values. The magnitude of the

change is not repeated for subsequent 500 ppm exposures, changing to
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approximately -0.1 dB at 40 Hz. The peak change in the phase angle for

the conditioning exposure is +9 degrees at 120 Hz. A subsequent 15

minutes duration exposure at 500 ppm, the magnitude of the change in

phase was not as pronounced, peaking at approximately +1 degrees at 100

Hz.

Nitrogen Dioxide Challenges. The N02 challenges produced the

most dramatic changes in the measured parameters relative to the other

challenge gases at their respective concentrations. Generally, the CuPc and

NiPc film types responded to the N02 challenges more strongly than the

CoPc film. With all three film types, the observed changes included

decreases in the sensor's dc resistance, and modulation of the transfer

function was reflected in the gain and phase angle versus frequency plots.

Table V-4 and V-5 summarize the resultant percentage changes in

resistance for the three thin-film types when they were exposed to the N02

challenge gas. From these tables, the observation may be made that the

CuPc changes the most when exposed to the N02 challenge under the Series

II test conditions, followed by the NiPc thin-film. The CoPc thin-film is

the least active. Detailed experimental results for the CuPc, CoPc, and

NiPc films are summarized in Appendix C, Appendix D, and Appendix E,
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respectively.

CuPc Thin-Film Response to N02. The dc resistance

measurements decreased during exposure to the N02 challenge, with the

activity more prominent in the mid-range and thickest films. Detailed

figures showing the dc resistance changes versus time while the sensors

were exposed to N02 are presented in Appendix C. Figure V-18 shows the

percent change in the dc resistance of three different thickness of CuPc thin-

film for four concentrations of the N02 challenge. The sensor parameter

changes were averaged, they are posted on Table V-4 and V-5. From these

visual aids, the most active thin-film types and thicknesses can be identified.

For the CuPc material, the most active thickness was the 3,900 A (the

medium thickness). A review of the data in Appendix C revealed several

other items of interest.

During the 1.25 hour long preconditioning phase with a 1,000 ppb

N02 challenge, the dc resistance of the CuPc (1,600 A thick) thin-film

decreased from 2.2 x 109 to 9.5 x 108 ohms (a -57% change relative to the

preconditioning purge value). In comparison, a 3,900 A thick CuPc film

decreased from 4 x 109 to 8 x 107 ohms (a -98% change relative to the

preconditioning purge value) while a 8,800 A thick film's dc resistance
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Table V-4

Average Percent Change in the DC Resistance Measurements of CuPc,
CoPc, and NiPc Thin-Films at Thret Different Thicknesses when

Challenged with Nitrogen Dioxide.

Percent Change in Resistance Due to a
CuPc Nitrogen Dioxide Challenge at:

Thickness(A) 30 ppb 50 ppb 100 ppb 500 ppb 1000 ppb

1,600 13.1 8.2 19.6 52.9 67.8
3,900 47.1 50.0 69.7 86.7 90.9
8,800 39.3 38.2 54.6 74.3 83.8

Percent Change in Resistance Due to a
CoPc Nitrogen Dioxide Challenge at:

Thickness(A) 30 ppb 50 ppb 100 ppb 500 ppb 1000 ppb

2,500 18.4 24.2 29.8 37.9 55.7
5,400 15.1 14.4 24.1 32.0 50.6
10,500 7.0 19.1 27.4 34.2 50.1

Percent Change in Resistance Due to a
NiPc Nitrogen Dioxide Challenge at:

Thickness(k) 30 ppb 50 ppb 100 ppb 500 ppb 1000 ppb

2,600 48.3 52.4 58.1 68.1 85.2
6,200 50.1 56.2 65.4 73.9 84.9
12,500 23.5 52.0 62.5 70.8 81.6

Boldface Numbers Highlight the Greatest Changes.

Table V-5

Maximum Percent Changes in the DC Resistance Measurements of the CuPc
CoPc, and NiPc Thin-Films when Challenged with Nitrogen Dioxide.

Percent Change in Resistance Due to
Thin-FilmType Nitrogen Dioxide Challenge at:

and Thickness() 30 ppb 50 ppb 100 ppb 500 ppb 1000 ppb

CuPc 3,900 47.1 50.0 69.7 86.7 90.9
CoPc 2,500 18.4 24.2 29.8 37.9 55.7
NiPc 6,200 50.1 56.2 65.4 73.9 84.9

Boldface Numbers Highlight the Greatest Changes.
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Figure V-18. Percentage Changes in CuPc DC Resistance Due to the
Nitrogen Dioxide Challenge Gas Exposures, for Three Different Film

00
Thicknesses. Test Conditions: CuPc Thin-Film Material (1,600 A,

3,900 A, and 8,800 A Thick); Temperature of 150'C; Nitrogen
Dioxide Challenge Gas (30 ppb, 50 ppb, 100 ppb, 500 ppb, and 1000
ppb). The Plotted Lines are Primarily a Visual Aid, Connecting Points
Calculated from a Polynomial Curve Fit at the Five Challenge
Concentrations for Each of the Film Thicknesses.
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decreased from 6 x 108 to 1.4 x 107 ohms (a -98% change relative to the

preconditioning purge). During the same period, the gain for the 1,600 A

thick film, at 10 Hz, increased approximately +30 dB. The phase angle

response for the same exposure changed by nearly -60 degrees at 10 Hz.

Subsequent 15 minutes duration exposures at 1,000 ppb continued to yield

gain and phase angle changes at 10 Hz on the order of +30 dB and -54

degrees, respectively, for the 1,600 A thick film.

A very dramatic contrast in the reversibility of the thinner (1,600 A

thick) versus the thicker (3,900 A and 8,800 A thick) films was observed.

The resistance versus time plots in Appendix C readily show that the

1,600 A thick film attains its purge equilibrium value in approximately 15

minutes after the cessation of a 1,000 ppb challenge. In contrast, the

reversal of the thicker films was incomplete, even after a full hour of

purge.

The frequency domain responses, in the form of gain and phase

angle versus frequency for CuPc are presented in Figures V-19 to V-23.

They clearly show the decrease in impedance due to the exposures with

N02 at concentrations of 50 ppb and 1000 ppb.
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CoPc Thin-Film Response to N02. The dc resistance

measurements decreased during exposure to the N02, with the activity

being essentially uniform among the three film thicknesses. Detailed

figures showing the dc resistance change versus time while the sensors

were exposed to N02 are presented in Appendix C. Figure V-15 reveals

that the percent change in the dc resistance of three different thicknesses of

CoPc for the four concentrations of the N02 challenge. The sensors' dc

resistance changes were averaged and are posted in Table V-4 and V-5.

From these visual aids, the most active thin-film types and thicknesses can

be identified. For the CoPc material, the most active thickness was the

2,500 A thick film (the least thick). Review of the data in Appendix D

revealed several other items of interest.

During the 1.25 hour duration preconditioning phase with the 1,000

ppb N02 challenge, the dc resistance the 2,500 A thick CoPc thin-film

decreased from 2.8 x 108 to 8 x 107 ohms (a -72% change relative to the

preconditioning purge value). By comparison, the 5,400 A thick CoPc

film's dc resistance decreased from 1.8 x 107 to 6.0 x 106 ohms (a-67%

change relative to the preconditioning purge value) while the 10,500 A
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thick CoPc film changed from 1.6 x 107 to 5.2 x 106 ohms (a -68% change

relative to the preconditioning purge). During the same period, the signal

transfer gain for the 2,500 A thick CoPc thin-film at 10 Hz increased by

+2.5 dB. The phase angle response during the same exposure changed by

nearly +15 degrees at 10 Hz. Subsequent 15 minutes duration exposures at

1,000 ppb continued to yield gain and phase angle changes at 10 Hz on the

order of +2.0 dB and +11 degrees, respectively, for the 2,500 A thick

CoPc thin-film.

The peak change in the gain for the 2,500 A thick CoPc thin-film

occurred at 700 Hz with a value of +10 dB as measured relative to the

preconditioning purge. The peak phase angle change of -4 degrees

occurred at 2000 Hz. For subsequent exposures at 1,000 ppb, the

magnitudes of the changes decreased, but the frequency where the peak

change occurred remained the same. For the 1,000 ppb exposures of the

5,400 A thick films, the gain and phase angle frequencies associated with

the peak changes were 7,000 Hz and 1,000 Hz, respectively. The peak

change frequencies for the 10,500 A thick films, under the same test

conditions were 10,700 Hz and 2,200 Hz, respectively.

The dramatic contrast in the reversibility of the CoPc thin films

versus the thicker CoPc films was not observed. The resistance versus time
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plots in Appendix D readily show that the reversals of the three films are

incomplete, even after one full hour of purge.

The frequency domain responses, in the form of gain and phase

angle versus frequency for CoPc thin-film are presented in Figures V-25 to

V-30. They clearly show the decrease in impedance due to the exposures

with N02 at concentrations of 50 ppb and 1000 ppb.

NiPc Thin-Film Response to N02. The dc resistance

measurements decreased during exposure to the N02, with the activity

more pronounced in the thicker films. Detailed figures showing the dc

resistance change versus time while the sensors were exposed to N02 are

presented in Appendix C. Figure V-31 shows the percent change in the dc

resistance of three different thicknesses of NiPc thin-films relative to thc

four concentrations of the N02 challenge. The sensors' dc resistance

changes were averaged, and they are presented on Tables V-4 and V-5.

From these visual aids, the most active thin-film types and thicknesses can

be identified. For the NiPc material, the most active thickness was the

6,200 A thin-film (the medium thickness). A review of the material in

Appendix E revealed several other items of interest.

During the 1.25 hour duration preconditioning phase with 1,000 ppb
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Figure V-26. - Gain versus Frequency Response of IGEFET Microsensor for a Series of
Rom Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number 1 CoPc Thin-filzm (2,500 Angstroms Thick); Temperature of 150 degrees
Centigrade- Nitrogen Dioxide Challenge Gas (Order of Exposures:l000 ppb. 30 ppb. 100
ppb. 500 ppb, 1000 ppb).
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Figure V-27. .Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number 1: CoPc Thin-film (2,500 Algstroms Thick); Temperature of 150 degrees
Centigrade: Nitrogen Dioxide Challenge Gas (Order of Exposures: 1000 ppb. 30 ppb. 100
ppb, 500 ppb, 1000 ppb).
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Figure V-28. Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 1: CoPc Thin-flm (2.500 Angstroms Thick); Temperature of 150
degrees Centigrade: Nltroen Dioxide Challenge Gas (Order of Exposures: 1000 ppb. 30
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Figure V-29. . Phase Angle versus Frequency Response of IGEFET Mficrosensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 1: CoPc Thin-fiflm (2,500 Angstroms Thick). Temperature of 150
degrees Centigrade: Nitrogen Dioxide Challenge Gas (Order of Exposures: 1000 ppb. 30
ppb, 100 ppb. 500 ppb. 1000 ppb).
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Fig-ure V'-30. .Phase Angle versus Frequency Response of IGEFT Microsensor for a
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of N02, the dc resistance of the 2,600 A thick film decreased from 3 x 109

to 3 x 108 ohms (a -90% change relative to the preconditioning purge

value). By comparison, a 6,200 A thick NiPc film decreased from 1.8 x

109 to 4.0 x 107 ohms (a -98% change relative to the preconditioning

purge value) while a 12,500 A thick film decreased from 1.2 x 109 to 2.9 x

107 ohms (a -98% change relative to the preconditioning purge). During

the same period the gain for the 2,600 A thick film at 10 Hz changed by

+33 dB. The phase angle response during the same exposure changed by

more than -50 degrees at 10 Hz. Subsequent 15 minutes duration

exposures at 1,000 ppb continued to yield gain and phase angle changes at

10 Hz on the order of +22 dB and +45 degrees, respectively, for the 2,600

A thick film. The peak change in the gain relative to the preconditioning

purge for the 2,600 A thick film occurred slightly less than 10 Hz. That

is, the peak phase angle change of -75 degrees occurred at 90 Hz. For

subsequent exposures at 1,000 ppb, the magnitudes of these changes

decreased, and the peak frequencies also shifted. That is, the peak gain

change occurred at 30 Hz, and the peak phase angle change occurred at 150

Hz. For the 1,000 ppb exposures of the 6,200 A thick NiPc films, the gain

and phase angle peak frequencies were 100 Hz and 800 Hz, respectively.
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Figure V-3 1. Percentage Change in NiPc DC Resistance Due to the
Nitrogen Dioxide Challenge Gas Exposures for Three Different Film
Thicknesses. Test Conditions: NiPc Thin-Film Material (2,600 A, 6,200
A, and 12,500 A Thick); Temperature of 150'C; Nitrogen Dioxide
Challenge Gas (30 ppb, 50 ppb, 100 ppb, 500 ppb, and 1000 ppb). The
Plotted Lines are Primarily a Visual Aid, Connecting Points Calculated
from a Polynomial Curve Fit at the Five Challenge Concentrations for
Each of the Film Thicknesses.
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The peak frequencies for the 12,500 A thick film under the same test

conditions were 800 Hz and 2,000 Hz, respectively.

The frequency domain responses, in the form of gain and phase

angle versus frequency for the NiPc thin-film are presented in Figures

V-32 to V-36. They clearly show the decreases in impedance due to

exposures to N02 at concentrations of 50 ppb and 1000 ppb.

The contrast in the degree of reversibility of the thin films versus the

thicker films that was noted with the CuPc material was manifested in the

NiPc films, but not with the same level of contrast. The resistance versus

time plots in Appendix E readily show that the thinnest film is more nearly

equilibrated at the end of the one hour duration purges compared to either

of the thicker films. The thicker films never achieve a purge equilibrium

response, even after one hour of purge.

Results of the Series III Gas Challenge Experiments.

After completing the Series II tests, the effect of changing the thin-

film temperature on the modulation of the thin-films by DMMP and DIMP

was accomplished. The maximum concentrations of the respective gases

that the permeation tubes could generate were utilized. The results for the

CuPc, CoPc, and NiPc thin-films are in Appendices C, D, and E,

respectively. The test series began with a lengthy rooin an purge at 150'C.
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Fiiiure V-32. Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Micz'osensor
Number 4; Nirc Thin-film (6.200 Angstroms Thick); Temperature of 150 degrees
Centigrade; Nitrogen Dioxide Challenge Gas (Order of Exposures: 1000 ppb. 30 ppb. 50
ppb. 100 ppb, 500 ppb. 1000 ppb).
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Figure V-S34. Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Mtiicrosensor Number 4; NiPc Thin-film (6,200 Angstroms Thick); Temperature of 150
degrees Centigrade-, Nitrogen Dioxide Challenge Gas (Order of Exposures:1000 ppb, 30
ppb, 50 ppb. 100 ppb. 500 ppb, 1000 ppb).
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Figurc V-35.. Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 4; NiPc Thin-film (6.200 Angstroms Thick); Temperature of 150
degrees Centigrade; Nitrogen Dioxide Challenge Gas (Order of Exposures: 1000 ppb. 30
ppb, 50 ppb. 100 ppb. 500 ppb. 1000 ppb).
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Figure V-36. Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number 9; NiPc Thin-film (12,500 Angstroms Thick); Temperature of 150 degrees
Centigrade; Nitrogen Dioxide Challenge Gas (Order of Exposures: 1000 ppb, 30 ppb, 50
ppb, 100 ppb, 500 ppb, 1000 ppb).
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The device responses were recorded for one hour with the room air purge;

then the DMMP (or DIMP) was introduced for one hour. The next step

was another one hour purge while simultaneously establishing the

temperature at 90'C. After the purge was completed a one hour long

challenge was performed with DMMP (or DIMP) at 90'C. This overall

process was repeated again after establishing an operating temperature of

30 0C.

The DMMP activity at 120'C and 300C mimicked that observed in

the Series II tests. The DIMP activity was more noteworthy at the 120'C

temperature with the 3 ppm challenge concentration. The dc resistance of

the 3,200 Ak thick CuPc film decreased from 9.0 x 109 to 5.0 x 109 ohms

(a -44% change relative to the purge resistance). The dc resistance of the

5,200 A thick CoPc film decreased from 6.4 x 1010 to 2.9 x 1010 ohms (a -

55% change relative to the purge resistance). The dc resistance of the

6,800 A thick NiPc film decreased from 8.0 x 109 to 3.9 x 109 ohms (a -

51 % change relative to the purge resistance).

Sensitivity and Reversibility

Table V-6 presents the sensitivity and reversibility indices generated

by applying the respective algorithms to the gain and phase angle data
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collected during the Series II experiments. Figures V-36 to V-38 show the

sensitivity and reversibility versus frequency for a CoPc thin-film (5,400 A

thickness) exposed to N02. Similar graphs can be found for the other

MPc materials in Appendices C and D. The N02 interactions with all

three film types is presented in Table V-6 (the extraction of these indices

from the other challenge gas data sets has not been accomplished). The

information for each thin-film type and thickness is arranged in the order

that the exposures were accomplished. Based on the information in Table

V-6, and the sensitivity and reversibility plots in Appendices C, D, and E,

the 30 ppb challenge data shows a residual effect that may have been caused

by the 1000 ppb preconditioning and challenge cycles. This influence

appears to cause the gain and phase angle baselines to drift, resulting in

several reversibility indices for the 30 ppb challenge which are seemingly

inconsistent with the remaining concentrations.

Selectivity

Calculations of the selectivity indices require measuring the

microsensor's responses to simultaneous exposure to at least two different

challenge gases. Time limitations prevented these experiments from being

conducted; thus, no selectivity indices were calculated for any MPc.
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Time-Domain Responses

The time-domain response of several IGEFET microsensors that

were exposed to the challenge gases are shown in Figures V-37 through

V-39. The waveform used to drive the IGEFET microsensors' was a 2

Vpk-to-pk 50 Hz square wave with a 50 % duty cycle. Figure V-37 clearly

shows the change in waveforms for a NiPc thin-film (2,600 A thickness)

when exposed to N02 at a concentration of 1000 ppb; the overall output

signal level increases due to the enhanced electron conductivity of the gas

sensitive thin-film. Figure V-38 depicts the response for a thicker NiPc

film (6,200 A thickness). The thicker material demonstrates a more

significant response to the same challenge gas concentration. This behavior

agrees with the observed dc resistance measurements discussed previously.

Figure V-39 depicts the effect of the ammonia challenge gas upon a CoPc

film (2,500 A thickness). With the ammonia challenge, the impedance

increases and the resulting output waveform's amplitude is decreased

relative to the purge envelope. This behavior also reflects the changes

observed in the dc resistance measurements.

Discussion

The thrust of this investigation was to identify the physical conditions

which would result in the greatest sensitivity, reversibility, and selectivity
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Figure V-37. Time-Domain Response of CoPc Thin-Film (2,600 A Thick) to
Ammonia Challenge Gas. Solid Line is Pre-Challenge; Diamonds Denote the Gas
Challenge; Crosses are the Purge Values. (a) Plots for 1.25 Hour Duration Challenge,
(b) Plots for Subsequent 15 Minute Challenge. Test Conditions Included: CoPc
Thin-Film (2,500 Angstroms Thick); Temperature at 150 Degrees Centigrade;
Challenge Gas was Ammonia at 500 ppm; Input Signal was 50 Hz Squarewave, 2
volts peak-to-peak; Dehumidified Room Air for Purge and Carrier Gas.
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Figure V-38. Time-Domain Response of the NiPc (2,600 A Thick) Thin-Film to
Nitrogen Dioxide Challenge Gas Exposures. Solid Line is Pre-Challenge; Diamonds
Denote the Gas Challenge; Crosses are Purge Values. (a) 1.25 Hour Duration
Challenge, (b) Subsequent 15 Minute Challenge. Test Conditions Included: NiPc
Thin-Film (2,600 Angstroms Thick); Temperature at 150 Degrees Centigrade;
Challenge Gas was Nitrogen Dioxide at 1000 ppb; Input Signal was a 50 Hz
Squarewave, 2 volt peak-to-peak; Dehumidified Room Air for Purge and Carrier Gas.
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Pre-Challenge; Diamonds are during Gas Challenge; Crosses are Purge Values. (a)
Plots for 1.25 Hour Duration Challenge, (b) Plots for Subsequent 15 Minute
Challenge. Test Conditions Included: NiPc Thin-Film (6,200 Angstroms Thick);
Temperature at 150 Degrees Centigrade; Challenge Gas was Nitrogen Dioxide at 1000
ppb; Input Signal was 50 Hz Squarewave, 2 volts peak-to-peak; Dehumidified Room
Air for Purge and Carrier Gas.
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when using CoPc, CuPc, and NiPc chemically-active thin-film materials

with IGEFET microsensor. The conditions included, but were not limited

to, temperature, thin-film type, thin-film thickness, challenge gas type,

challenge gas concentration, and relative humidity. The sensitivity,

reversibility, and selectivity indices are primary figures of merit (FOMs)

established to assess the IGEFET microsensor's performance.

During the course of this investigation, sensitivity and reversibility

indices were calculated for many pairwise combinations of metal-doped

phthalocyanines (MPc) and challenge gases. Time limitations did not

permit any testing of microsensors when exposed to two, or more,

challenge gas types. This meant that the selectivity indices were not

calculated for any MPc.

Not all of the desired variations of the experimental parameters and

conditions were able to be explored due to time restraints. Instead, the

combination of CuPc thin-films exposed to N02 challenge gas was used as a

testbed (during the Series I tests) to narrow the field of temperatures to a

single value, identify viable film thicknesses, and formulate a repeatable

experimental protocol for use in the Series II tests. The results of pursuing

this course of action were mixed, partly because of the limited span of

several critical parameters; especially since only a single temperature was
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more fully investigated. The 1501C temperature was adequate for the

CuPc/N02 combination, but may have been to be too high for the

organophosphorus compounds and the BF3 challenge gas.

Given the 150°C test chamber temperature and the preconditioning

protocol employed for the Series II tests, the measurements were used to

calculate the figures of merit (FOMs) for the various thin-films. Detailed

plots of these FOMs versus frequency for the CuPc, CoPc, and NiPc thin-

films are in Appendices C, D, and E, respectively.
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VI. Conclusions and Recommendations

Conclusions.

Chemically-active, metal-doped phthalocyanine (MPc) thin-films

were deposited onto a microsensor that was capable of detecting parts-per-

million levels of gaseous nitrogen dioxide, ammonia, boron trifluoride, and

diisopropyl methylphosphonate (DIMP). The microsensor design was

based upon the interdigitated gate electrode, field-effect transistor

(IGEFET) technology. Thin-films of chemically-active material were

deposited onto the interdigitated gate structures. Changes in the chemical

nature of the p-type semiconducting MPc thin-films due to interactions

with the challenge gases were inferred through measurements of the films'

time- and frequency-domain responses.

The in situ MOSFET portion of each sensor element functioned as

the inverting input into a dedicated differential amplifier. Each sensor's

amplifier served to isolate the very high impedance, small capacitance IGE

structure from the loading effects of the measurement instrumentation.

Further stabilization was achieved by using the in situ amplifier in a

voltage follower configuration. In this configuration, the FET-differential

amplifier's gain transfer function was flat, extending from dc to a -3 dB
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point near 5 MHz. The overall IGEFET-microsensor's transfer function

was greatly attenuated when the thin-film coated IGE was included in the

overall transfer function analysis. Exposing the thin-films to the challenge

gases modulated the overall IGEFET-microsensor transfer function.

A nine-element array of IGEFET structures was fabricated using the

monolithic silicon integrated circuit technology and packaged in a 64-pin

DIP package. These devices were visually inspected for gross defects and

electrically sampled short circuits and MOSFET amplifier functionality.

Thin-films of copper phthalocyanine (CuPc), cobalt phthalocyanine (CoPc),

and nickel phthalocyanine (NiPc) were deposited at various thicknesses

unto the interdigitated portion of each sensor element via vacuum

sublimation.

The IGEFET-sensors with the MPc thin-films of several thicknesses

were subjected to a variety of test conditions including temperature,

challenge gas type and concentration, and the gas used for purges and the

challenge gas diluent. Two experimental procedural formats were

investigated; one with a 'preconditioning' phase (which meant a long

exposure to a high concentration of a particular challenge gas at the outset

of the experiment), and one without any preconditioning. The

preconditioning methodology was employed for the majority of the tests
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because it resulted in less severe baseline drift throughout the duration of

the experiments.

Once the test parameter envelope was explored using CuPc and N02

as a testbed, a set of test conditions were selected to implement the

additional investigations of the MPc thin-film interactions with the various

challenge gases. This test set included: nominal thin-film thicknesses of

2,000 A, 5,000 A, and 10,000 A; temperature of 150'C; preconditioning

exposure for 1.25 hours; gas challenges that were 15 minutes duration

followed by dry, room air purges for one hour. Using these test

conditions, the thinnest CuPc films exposed to nitrogen dioxide or ammonia

produced the best overall blend of sensitivity and reversibility; the CoPc

films were intermediate with respect to sensitivity and reversibility, while

the NiPc films were the least sensitive.

In conclusion, the IGEFET microsensor technology has repeatedly

demonstrated its viability as a detector for nitrogen dioxide and ammonia.

This behavior was clearly demonstrated. The elevated temperature proved

to be a wise choice for sensing nitrogen dioxide and ammonia when

sensitivity and reversibility are the critical performance issues At the

elevated (150°C) temperature, the sensor was not able to clearly detect

DMMP or DIMP at the concentrations generated during our tests;
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although, at 90°C the sensor was able to detect the DIMP. At the elevated

(150'C) temperature, the sensor was able to detect boron trifluoride at the

concentrations generated during our tests, but demonstrated poor overall

reversibility. Using the MOSFET portion of the IGEFET as the input to a

voltage follower differential amplifier was a wise choice, providing a

stable configuration while allowing the research to remain focused upon

the activities occurring in the IGE structures coated with the gas-sensitive

thin-films.

Recommendations.

This research effort has clearly demonstrated the high level of

sensitivity and reversibility with which the IGEFET microsensor can detect

nitrogen dioxide and ammonia in an environment of dry, room air at

150'C. Future work should focus on uncovering a set of good test

parameters for the detecting DMMP and DIMP. The long range goal

should be the development of a multi-element, IGEFET microsensor array

with several chemically-active thin-films with the intention of detecting and

identifying a number of different gas types and concentrations. Specific

recommendations for future studies include:

1. The voltage follower configuration works well -- continue to use
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it. Reconfiguration of the amplifier portion of the IGEFET microsensor to

include the signal paths necessary for an 'on chip' voltage follower

configuration should be accomplished. This will reduce the number of

wirebonds and the amount of cabling required 'off chip'.

2. The response data from the IGEFET microsensor arrays should

be subjected to pattern recognition techniques to see how effective this

discipline is for discerning challenge gas types and concentrations. This

should be an effort focused as a pattern recognition investigation with

intended goals of formulating a method for parceling the available

measurement data into a recognition pattern.

3. Evaluate the sensitivity and reversibility of other semiconducting

thin-films of metal-substituted phthalocyanines including lead and iron

phthalocyanine when challenged by nitrogen dioxide, ammonia, DIMP, and

DMMP.

4. Limit the amount of redundant data collected. Too many data

sources networked onto a single channel GPIB bus can produce a bottled-

neck, resulting in greater time sampling periods between measurements and

coarse data set resolution.

5. Conduct data analysis concurrently with the experimentation.

Don't wait until the 'end' before trying to extract and analyze the majority
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of the data.

6. Establish an easily reproduced standard of comparison for

indexing response qualities for the investigations done at ART. For

example, use a 2,000 A thick CuPc film exposed to 100 ppb of nitrogen

dioxide at 90'C to establish reference indices of sensitivity and reversibility

for the dc resistance. This will make comparisons among other exposure

parameters more meaningful.
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Appendix A: Metal-Doped Phthalocyanine Thin-Film Deposition onto

Interdigitated Gate Electrode (IGE) Structures

The deposition of metal-doped phthalocyanine material onto the IGE

structures was accomplished at the ART Cooperative Electronics and

Materials Processing Laboratory at Wright-Patterson AFB. This appendix

describes the techniques used to accomplish that task.

IGEFET Validation

Each 64-pin dual-in-line package (DIP) contained a single integrated

circuit (IC) die which had a nine element array of interdigitated gate

electrode field-effect transistor (IGEFET) microsensors built onto it.

Prior to the deposition of any metal-doped phthalocyanine (MPc)

compounds onto the IGE structures, they were visually and electronically

checked for apparent open and short circuits. The metal-oxide

-semiconductor field-effect transistor amplifiers were checked for gain and

frequency bandwidth while in a voltage follower configuration.

Deposition Mask Preparation

A mask was prepared from thin copper sheets (approximately
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2 cm x 5 cm) for use in controlling the deposition of the MPc material

onto each of the IGE structures of each DIP-mounted IC. The mask was

fabricated by punching nine square holes (each 1370 lAm x 1370 Aim) into

the copper sheet in a pattern matching the 3 x 3 matrix of IGEs on each

die. Several strips (approximately 3 mm x 20 mm) of copper sheet metal

were also fabricated. These strips were used as necessary to occlude

groups of three of the square holes in the mask.

When in use, this mask suspended slightly above the IC die, resting

on the DIP package, and was visually aligned over the nine IGEs. The

mask was then secured into place using adhesive tape. Sections of the

mask were occluded as necessary by securing one, or more, of the copper

metal strips atop of the mask.

Thin-Film Deposition

The first step in preparing the DIPs for the MPc deposition was to

wrap their pins in conducting aluminum foil to reduce the risk of static

electricity damaging the IC. Once this was accomplished, a mask was

secured above the IGE array as described in the previous section. The

aluminum foil was extended to cover any remaining exposed DIP surfaces

to prevent undesirable MPc deposits. Once the DIPs were masked and
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wrapped, they were ready to be processed in the vacuum deposition system

(Denton Vacuum Corp., Model DV-602, Cherry Hill, NJ). They were

positioned inside the vacuum chamber above the boat which contained the

particular MPc chosen for deposition. In addition to the DIP(s), a blank

silicon wafer was positioned near the DIP(s) to aid in assessing the

thickness of the deposited MPc.

After the vacuum chamber had been sealed and a vacuum of 10-5

atmosphere had been achieved, the MPc was heated by passing

approximately 145 amperes through the metal boat it was resting in. This

caused the sublimation of the MPc; in particular, the sublimed molecules

impacted upon the unmasked portions of the DIP. The vacuum chamber

also contained a quartz microbalance (QMB) used to monitor the rate of

sublimation of the MPc. This deposition process was used for all three

MPc types deposited during this investigation: Copper Phthalocyanine

(Fluka Chemical Corp., Stock 61215, Ronkonkoma, NY), Cobalt

Phthalocyanine (Fluka Chemical Corp., Stock 60855, Ronkonkoma, NY),

and Nickel Phthalocyanine (Fluka Chemical Corp., Stock 72265,

Ronkonkoma, NY). The masks were occluded when necessary to limit the

depositions on certain IGEs by using the copper metal strips.
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Determining Thin-Film Thickness

The thickness of the MPc films deposited onto the IGEs was inferred

through two measurements; the thickness calculated from the QMB rate

measurements, and the thickness of the layers deposited onto the blank

silicon wafers positioned near the DIPs during the deposition process. The

QMB reading was read directly while the deposition process was ongoing.

After each deposition was complete, the thickness of the MPc deposit on

the silicon blank was measured by first coating the MPc film with a 300 A

thick, gold metal coat (Structure Probe Inc., SPI Sputterer, Model 13131,

West Chester, PA). As described by Capt Thomas Jenkins [7], this step

helps reduce mechanical errors caused by using the profilometer ( Sloan

Technology Corp., Dek-Tak Model 900051, Santa Barbara, CA) for the

second estimate of the film thickness.

Summary

The vacuum sublimation process used in this research for thin-film

deposition was performed at the AFIT Cooperative Electronics and

Materials Processing Laboratory. This method provided an adequate

avenue for fabricating MPc thin-films onto the IGE structures of the

IGEFET microsensors used in this research.
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Appendix B: Data Acquisition Software

This appendix contains copies of the software written for gathering

data records, storing the data onto magnetic media, and extracting data

from the record files for display and analysis. The data was gathered from

the instrumentation via a computer controlled general purpose

instrumentation bus (GPIB). The software in this appendix includes:

1. WAM1.BAS, a GPIB controller program written in BASIC,

2. GPIB, a GPIB controller program written in PASCAL,

3. OSTRX.PAS, a program for extracting oscilloscope sweep data

from the GPIB generated data records,

4. IGRGPTRX.PAS, a program for extracting gain/phase angle

analyzer sweep data from the GPIB generated data records,

5. IGRRSTRX.PAS, a program for extracting electrometer

generated dc resistance data from the GPIB generated data

records, and

6. SSENSITIVITYREVERSIBILITYMATHENGINE,

a program written for generating sensitivity and reversibility

analysis graphs from the IGRGPTRX.PAS generated gain/phase

angle data files.
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Appendix C: Response of CuPc Thin-Film Coatings.

This appendix presents a portion of the significant responses to the
challenge gas for the CuPc thin-films evaluated during this investigation.
The appendix is divided into two sections: Section 1 deals with the
responses to challenge gases at 1501C (referred to as the Series II tests in
the thesis body); Section 2 presents information concerning DMMP and
DIMP challenges to CuPc at temperatures of 150°C, 90°C, and 30°C.

Section 1

Resistance and gain and phase angle transfer function responses for
the challenge and purge cycles are provided as:

-CuPc challenged with N02 (Figures C-1 to C-52),
--dc resistance measurements versus time,
--gain and phase angle measurements versus frequency,
--sensitivity, and reversibility calculations versus frequency,

-CuPc challenged with NH3 (Figures C-53 to C- 69),
--dc resistance measurements versus time,
--gain and phase angle measurements versus frequency,

-CuPc challenged with BF3 (Figures C-70 to C-88),
--dc resistance measurements versus time,
--gain and phase angle measurements versus frequency,
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Figure C-i. DC Resistance Measured Between the Diiven-Electrode and Floating-Electrode of the IGE Arry,
During Series of Purges and Challenge Gas Exposures. The Number of Measurements (at crosses) is 479. The
Testing Conditions Included the Following:

TOE Army Number :1. Thin-film Material :Copper Phthalocyanine,
Thin-film Thickness 1,600 Angstrons Test Temperature(s): Purg & Challenge at 1500C

Purge Gas Room Air, Challenge Gas Nitrogen Dioxide,
Challenge Gas Concentration(s) (in ordier run): 1000 ppb. 30 ppb, 50 ppb, 100 ppb, 500 ppb, 1000 ppb.

'P
10

3t2 ohms fl

10, 0 Tim.2-in Houra 40

FgreC- 2. DC Resistance Measured Between the Driven-Electrode and Floating-Electrode of the IGE Array,
During Series of Purges and Challenge Gas Exposures. The Number of Measurements (at crosses) is 479. The
Testing Conditions Includd the Following:

IGE Army Number Z 2 Thin-film Material :Copper Phthalocyanine.
Thin-film Thickness: 1.600 Angstroms Test Temperatures): Purge & Challenge at 1501C

Porg Gas :Roomn Air. Challenge Gas :Nitrogen Dioxide,
Challenge Gas Concentration(s) (in ordler rn): 1000 ppb, 30 ppb. 50 ppb, 100 ppb, 500 ppb. 1000 ppb
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Figwt C- 3. .DC Resistance Measured Between die Duiven-Electro& and Floating-Elecmde of the IGE Army,
During Series of Purges and Challenge Gas Exposures. ThieNumber ofMeasurembents (a citses)is 479. The
Testing Conditions Included die Following:

IGE Army Number 3, Thin-film M~aterial :Copper Plithalocyanine.
Thin-film Thickness: 1,600 Angatroom Test Temperatur(s): Purge & Challenge at 1500C

Purge Gas Room Air, Challenge Gas Nitrogen Dioxide,
Challenge Gas Concentration(s) (in order run): 1000 ppb, 30 ppb. 50 ppb, 100 ppb. 500 ppb,l1000ppb.

10

10 0 Tim*4-in Hou ra 40

F'tgu C'.. DC esnenceMeaure DereendieDuin-Eectrode and Floling-Electrode of the IGE Array,
Durin Series of Puge and Challenge Gas Exposures. The Number of Measrenenis (Ncrsse) is 479. The
Testing Conditions Included the Following:

MGE Army Number 4, Thin-film Mateuial Copper lilwhalocyane,
Thmn-filmi Thickness 3,9010 Angsaru Test Tenqseranne(s): Purge & Challenge at I50

Purge Gas Room A.r Challenge Gas :Nitrogen Dioxide,
Challenge Gas Concentation(s) (in order run): 1000 ppb, 30 ppb. 50 ppb, 100 ppb, 500 ppb, 1000 ppb.
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Figure C-5. This IGE Mierosensor Malfunctioned. DC Resistance Measured Between the
Driven-Electrode and Floating-Eleatrode of die IGE Amry. During Series of Purges and Challenge Gas Exposures.
The Number of Measurements (at crosses) is 479. The Testing Conditions Included the Following:

IGE Amry Number 5, Thin-film Material Copper Phthalocyanfine.
Thin-film Thicktness: 3900 Angstroms Test Temperantr(s): Purge & Challenge at 150CC

Purge Gas :Room Air, Challenge Gas Nitrogen Dioxide,
Challenge Gas Concentration(s) (in order run): 1000 ppb. 30 ppb, 50 ppb. 100 ppb, 500 ppb, 1000 ppb.
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Figure C- 6. . DC Resistance Measured Between the Driven-Electrode and Floating-Elecrde of die IGE Army,
During Series of Purges and Challenge Gas Exposures. The Number of Measurements (at crosses) is 479. T'he
Testing Conditions Inicluded dhe Following:

IGE Amry Number :6. Thin-film Material :Copper Phthalocyanine,
Thin-film Thickness :3,900 Anpturm Test Temperature(s): Purge & Challeng at l50*C

Purge Gas :Roon Air, Challenge Gas :Nitrogen Dioxide.
Challenge Gas Concentration(s) (in order n): 1000 ppb. 30 pplr, 0ppb. 100 ppb, 500 ppb.l1000ppb.
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Figure C- 7. DC Resistance Measured Between the Driven-Electrode and Floating-Electme of the JGE Army,
During Series of Purges and Challenge Gas Exposures. The Number of Measurements (at crosses) is 479. The
Testing Conditions Included the Following:

IGE Army Number 7, Thin-film Material Copper Phthalocyanine,
Thin-film Thickness 8.800 Angsarms Test Tempertzure(s) Purge & Challenge at 150*C

Purge Gas Room Air, Challenge Gas Nitrogen Dioxide,
Challenge Gas Concentration(s) (in order nn): 1000 ppb, 30 ppb, 50ppb, 100 ppb. 500 ppb, 1000 ppb.
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Fiure C- 8. DC Resistance Measued Between the Driven-Electrode and Floating-Electrode of the IGE Army,
Dring Series of Purges and Challenge Gas Exposures. The Number of Measurements (at crosses) is 479. The
Testing Conditions Included the Following:

1GE Amray Number : & Thin-film Maerial Copper Phthalocyandne.
Thut-fili Thickess : 8,0Angstrom Test Temperatur(s): Purge & Challenge a 150*C

Purge Gas : Room Air. Challenge Gas Nitrogen Dioxide,
Challenge Gas Concentrabon(s) (in order run) : 1000 ppb. 30 ppb, 50 ppb, 100 ppb, 500 ppb. 1000 ppb.
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Figure C- 9.. DC Resuisnc Measured Between the Driven-Electrode aid Flaating-Electrode of die JOE Array,
During Series of Purge and Chllenge Gas Exposme. The Numiber of WMueies (a cniese) is 479. Thve
Testing Condition hicluded die Following:

IOE Arry Numnber 9, Thin-film Material Copper Flidialocysne
Thin-film Thickness M ,0 Azpim Test Terricrmue(s): Purge & Challenge a50

Purge Gas: Room Air, Challenge Gas :Nitrogen Dioxide.
Challenge Gas Concenortion(s) (in order nan): 1000 ppb, 30 ppb.5SOppb, 100 ppb, 500 ppb, 1000 ppb.
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Figure C-12. Phase An&e versus Frequency Response of IGEFET Microsetisor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 1; CuPc Thin-film (1,600 An.zstroms Thick), Tenmperature of 150
degrees Centigrade-, Nitrogen Dioxide Challenge Gs (Order of Exposures: I0O0 ppb. 30
ppb. 50 ppb. 100 ppb. 500 ppb. 1000 ppb).
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Figure C-13 . Phase Avizk versus Frequency Response of IGEFET Micr,,sensor for a
Series ol Room Air Puraes and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number i: CuPc Thin-film (1,600 Angstroms Tick); Temperature of 150
degrees Centigrade: Nitrogen Dioxide Challenge Gas (Order of Exposures: 1000 pph. 30
ppb. 50 ppb. 100 ppb. 500 pph, 1000 ppb).
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Figure C-14 -Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number 4; CuPc Thin-film (3,900 Angstroms Thick)-. Temperature of 150 degrees
Centigrade:. Nitrogen Dioxide Challenge Gas (Order of Exposures:1000 ppli. 30 pph. 50
ppb, 100 ppb. 500 ppb. 1000 ppb).
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Figure C-15. Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number 4: CuPc Thin-film (3,900 Angstroms Thick): Temperature of 150 degrees
Centigrade: Nitrogen Dioxide Challnge Gas (Order of Exposures: 1000 ppb, 30 ppb, 50
ppb. 100 ppb, 500 ppb, 1000 ppb).

C-12



I Gain (in dB) versus Frequency (in Hz) I.L
-15

G -20
a"
i -25
n -30.

-35_

-40

-5 0 -oIIII 
I

10 100 1000 10000 100000 1000000

Frequency (log scale)
e Purge Prior to Challenge a Challenge #6 (1000 ppm Nitrogen Dioxide) * Purge #6

Figure C-16 Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number 4; CuPc Thin-film (3,900 Angstroms Thick); Temperature of 150 degrees
Centigrade: Nitrogen Dioxide Challenge Gas (Order of Exposures:J1000 ppb, 30 ppb, 50
ppb. 100 ppb, 500 ppb, 1000 ppb).
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Phase Angle (dog) versus Frequency (Hz)
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Figure C-I 17 .Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 4: CuPc Thin-film (3.900 Angstroms Thick), Temperature of 150
degrees Centigrade: Nitrogen Dioxide Challenge Gas (Order of Exposures: 1000 ppb, 30
ppb. 50 ppb. 100 ppb. 500 ppb. 1000 ppb).
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Figure C-18. Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 4. CuPc Thin-film (3.900 Angstroms Thick); Temperature of 150
degrees Centigrade: Nitrogen Dioxide Challenge Gas (Order of Exposures: 1000 ppb. 30
ppb. 50 ppb. 100 ppb. 500 ppb. 1000 ppb).
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Figure C-20 .Gin versus Frequency Response of IGEFET Microsensor for a Series of'
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number 9-: CuPc Thin-film (8,800 Angstroms Thick): Temperature of 150 degrees
Centigrade: Nitrogen Dioxide Challenge Gas (Order of Exposures: 1000 pph. 30 pph, -50
pph. 100 ppb. 500 ppb, 1000 ppb).
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Figure C-21. Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number 9; CuPc Thin-film (8,800 Angstroms Thick); Temperature of 150 degrees
Centigrade; Nitrogen Dioxide Challenge Gas (Order of Exposures: 1000 ppb, 30 ppb, 50
ppb, 100 ppb, 500 ppb, 1000 ppb).
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Figure C-23. Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series oft Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 9: CuPc Thin-film (8,800 Angstromis Thick), Temperature of 150
degrees Centigrade. Nitrogen Dioxide Challenge Gas (Order oft Exposures: 1000 ppb. 30
ppb, 50 ppb. 100 ppb, 500 ppb. 1000 ppb).
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1 1 Phase Angle (deg) versus Frequency (Hz) I
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Figure C-24 Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: !GE
Microsensor Number 9; CuPc Thin-film (8,800 Angstroms Thick); Temperature of 150
degrees Centigrade; Nitrogen Dioxide Challenge Gas (Order of Exposures: 1000 ppb, 30
ppb, 5o ppb, 100 ppb, 500 ppb, 1000 ppb).
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Figure c- 
5 3  DIC ResitanCeas~.ured lBct% en the Dri' en-Elec trode andl Floatinc-Electr-de ot the IGE Array%

Du~rme Series If Purge, and Challence Ga, Exposure,. The Numbero Mealc.,wrnmns iat crosses, is 3 9s. The'
Testing Conditions Inc luded rte Folloogme

IGE.Array Number 1. Thin-finm Material Copper Phthalc" anine.
Thin-film Thickness :J 00 Angstroms Test Temperatureti. Purge & Challenge at l1iJ'C

Purge Gas .Room Ate. Challenge Ga., Ammonia.
Challenge Gas Concentrationis) tin order run, 5il0 ppm. 16 ppm. 106 ppm 250 ppm. 500 ppmn

Future C- 54 DC Resistance Measured Bet"ecn the Driven-Electrode and Floating-Electrode of the IGE Array.
During Series ofPurges and Challenge Gas Exposures. The Nunmber 01 Mecisurettients (at crosses) is 39S. The"
Testing Condition, Included the FoUtt tng

IGE Arra ' Nu mbe r 2. Thin-filmn Material . Copper Phihaltscyanine.
Thirn-ftlm Thickness 2.11)0 Anusinrnms Test Temperaturetst Purge & Challenge at 1501~C

Purge Gas Rooim Air, Challenge Gas Anmronia.
Challenge Gas Cotncentrationts)t tin order runt. 51) ppm. 16 ppm. 100 ppm. 2501 ppm. 5110 ppm.
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Figure C- 55 . DC Resistance Measured Between the Driven-Ele -ctrode and Floating-Electrode 0f the IGE An.a,..
During Series of Purges and Challenge Gas Exposures. The Number of Measurements witcrosses) is 39,,. The'
Testing Conditions Included the Following:

IGE.Arras Number 3. Thin-film Material Copper Phthalissanine.
Thin-film Thickness 2.101Angstroms Test Temperaturew Purge & Challenge at 150'C

Purge Gas Room Air. Challenge Gas Animonis.
Challenge Gas Concentrationes) (in order run) .500 ppm. 16 ppm. 106 ppm. 25U ppm. 500 ppm.

8A

R4:r-s 
%I .

Figure C- 56 DC Resistance %Ieasured Between the Driven-Elec trode and FloatIng-Electrode of the IGE Atma .During Series of Purges and Challenge Gas Exposures. The Number of Measurements (at crosses, is 39S. The.Testing Conditions lncludcd the F, l lowiLng,

IGE Array Number .4. Thin-film Material Copper Phthalocxanine.Thin-film Thic:kness 6,M() Angstroms Test Temperature).s) Purge & Challenge at l5o5
CPurge Gas .Room Air. Challenge Gas Ammonia.

Challenge Gas Concentrationms (in order run) : 5WE ppm. 16 ppm. 106 ppnt. 250 ppm. 50X0 ppm.
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Fieure C- 57 This IGE Microsensor Mlal functioned. DC Resistanc e Mca.sured Betwseen the
Drivn-Electrode and Floatuig-ElectLrode of the IGE Armu%. During Series of Purg>e and Challeitee Gas Expu',ureN.
The Number of Measurements iat cross' s is '98. The Testing Conditions lncluded the FoUowing:

IGE Arrms Number 5. Thin-film Material Copper Phthalocsanine.
Thin-film Thickness x.200 Angstroms Test Temperaturems =Purge & Challenge at I150C

Purze Gas Room Air. Challenze Gas Ammonia.
Challenve Gas Concentrationts) (in order run) 500 ppm. 16 ppmi. 106 ppm. 25(0 ppm, 500 ppm.

Figure C- 58 DC Resistance Measured Between the Driven-Electrode and Floatink-Electrode of the IGE ArraN.
During Series of Purges and Challenge Gas Exposures. The Number of NcasuiscinentIs (at crosses) is 19t, The
Testing Conditions Inc luded the Following:

IGE Array Number 6. Thin-film M aterial Copper Phthaloc'.anine.
Thin-film Thickness 8.200 Angstroms Test Temperatureooi Purge & Challenge at 1505C

Purge Gas Room Air. Challenge Gas Ammonia
Challenge Gas Concentration(s) (in order run) 500 ppm. 16 ppm. 106 ppm. 250 ppm. 5(X) ppm.
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Figure C- 59. DC Resistance Measured Bet, een the Drisen-Ele:trodc and Floaung-Electrode of the IGE Arra..
During Series ot Purges and Challenge Gas Exposures. The N\unmoer or .skasurentents iat :rosses) is 398. The
Tesuinv Conditions Included the Follow ing:

IGE Arra ' Number 7. Thin-film Mlaterial :Copper Phthalocsanine.
Thin-film Thickness 16.000 .Anstroms Test Temperaturis) Purgte & Challengpe at I 500C

Puree Gas Room Air. Challenge Gas Ammonia.
Challenge Gas Concenrtrationist i n order runt: 500 ppm. 16 ppm. 106 ppm. 250 ppm. 5W1 ppm.

Figure C- 60 . DC Resistance Measured Between the Driv-en-Elec:tnje and Floating-ElectLrode ol the [GE Array.
Durm Series of Purees and Challcee Gas Exposures. The Number of %e.,surcmettts tat crossecs) is 39K The
Testing. Conditions Included the Following

[GE Array Number S. Thin-film Material Copper Phthahss %anine.
Thin-film Thicknecss :16.000 Angstroms Test Teinperaiureist Purge & Challenge at 15t0 C

Purge Gas Room Air. Challenge Gas .Ammonia.
Challenge Gas Concentration(s) (in order runt1: 500 ppm. 16 ppm. 106 ppm. 250 ppm. 500 ppm.
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Figure'C- 61 .DC Resistance Measured B1etween the Driven-Eliivdc and Floaung-Electrode of the IGE Array.
During Series of Purges and Challenge Gas Exposures. The Number of Measurements (at crosses) is 398. The
Testing Conditions included the Following:

IGE Array Number 9. Thin-film Material :Coppcr Phithalocyaninc,
Thin-film Thickness 16.000 Angstroms Test Temperature(s) Purge & Challenge at 150*C

Purge Gas Room Air. Challenge Gas Ammonia,
Challenge Gas Concentration(s) (in order run): 500 ppm. 16 ppm. 106 ppm. 250 ppm. 500 ppm.
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Figure C-63. Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number 1. CuPc Thin-film (1,600 Angstroms Thick); Temperature of 150 degrees
Centigrade: Ammonia Challenge Gas (Order of Exposures:500 ppm, 16 ppm. 106 ppm. 250
ppm. 500 ppm).
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C. Phase Angle (deg) versus Frequency (Hz)

h -18
a

S -27

e -36

-45

-54

g -63

1 -72
e -81

10 100 1000 10000 100000 1000000

P -2

e -3

1 -72
e 8

10 100 1000 10000 100000 1000000

Frequency (log scale)
*Puergpue # 1 Challenge # (160 ppm Ammonia) # Purge #

Figure C-6 Phase Angledg versus Frequency RepneofHEz)Mcoeso o

-454



o Phase Angle (deg) versus Frequency (Hz)

P -9
h

a

A -4
n

10 100 1000 10000 100000 1000000

Frequency (log scale)

oPre-exposure a Challenge #1 (106 ppmn Ammonia) *Purge #1

Phase Angle (deg) versus Frequency (Hz)

h -18
a

s -27

e -36

-45

A5

n

e -36

**5Pre-exposure 1Chleg#3(5 pnAmiando Purge #2

-9

I -27

e -81

-405 __________________________________

-54

1010 10n000 100 000

degrees Cetgae 1moi hleg a Odro xoue:00 ppm0 1600 ppm.0 106

ppm.pour 25 phalmng 500 ppm). Amni) uge#

C-44



C I Phase Angle (deg) versus Frequency (Hz)

P -9

h -18
a

s -27

e -36

-45

-54n
g -63

1 -72
e -81

-90
I I I I

10 100 1000 10000 100000 1000000

Frequency (log scale)
e Start-up Purge a Challenge #1 (500 ppm Ammonia) # Purge #1

Phase Angle (deg) versus Frequency (Hz)

P -9

h -18

a
S -27

e -36

-45

-54n
g -63

1 -72
e -81

-90

o 10 1000 1 100000 1000000
Frequency (log scale)

o Purge #1 o Challenge #2 (500 ppm Ammonia) * Purge #2

0U Phase Angle (deg) versus Frequency (Hz)

P -9
h -18
a

s -27
e -36

-45

n -54'n
g -63

1 -72

e -81

-90
II ! I II

10 100 1000 10000 100000 1000000

Frequency (log scale)
* Pre-exposure a Challenge #1 (16 ppm Ammonia) * Purge #1

Figure C-66 Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 5: CuPc Thin-film (3,900 Angstroms Thick): Temperature of 150
degrees Centigrade: Ammonia Challenge Gas (Order of Exposures:500 ppm, 16 ppm, 106
ppm. 250 ppm, 500 ppm).
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Phase Angle (deg) versus Frequency (Hz)
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Figure C-67 .Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 5: CuPc Thin-film (3.900 Angstromis Thick): Temperature of 150
degrees Centigrade: Ammonia Challenge Gas (Order of Exposures:500 ppm. 16 ppm. 106
ppm. 250 ppm. 500 ppm).
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Gain (in dB) versus Frequency (in Hz)
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Figure C-68 Gtin versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number 5; CuPc Thin-film (3,900 Angstroms Thick); Temperature of 150 degrees
Centigrade: Ammonia Challenge Gas (Order of Exposures:500 ppm, 16 ppm, 106 ppm, 250
ppm. 500 ppm).
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Figure C-69. Gain Versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number 5: CuPc Thin-film (3,900 Angstrom's Thick); Temperature of 150 degrees
Centigrade. Ammonia Challenge Gas (Order of Exposures:500 ppm, 1(i ppm. )06 ppm. 250
ppm, 500 ppm).
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Figure C- 70 DC Rosi-oance Measuredi Betweei the Dnven-Electrode and Floating-Electrode of the IGE Arras,
During Sc rie, of Purges and Challenge Gas Exposures. The Number ot Nteasurinents tatcriisses) is 244. Tlic
Testing Conditions Included the Following.

IGE Array N umber i 1 Thin-film Material Copper Phthaloc"anuie.
Thin-film Thickness 2. 100.Angstroms Test Temperaturets) Purge & Challenge at 150'C

Purge Gas Rooim A.ir. Challenge Gas Boron Trilluoride.
Challenge Gas Concentrattonts) tin order run) 105 ppm. 24 ppm. 105 ppm.

Figure C- 71 DC Res ista nce Me asured Be tA en the Driv'en -Electrse and Floit ini!.- ec trode of Ithe IG E A rra %,Duning Senies of Purges and Challenge Gas Exposures. The Number of \lesrmnsa rse)i 244. The'Testang Condition-, IMclued the Follossone: esric~s Jr%,,

IGE Arm ' Number 2. Thin-film Material Ciopper Phthaloc~anine.Thin- filtm Thic kness 2.100 Angsttums, Test Terniperaturetsti Purge & Challenix at 15(0 CPurge Gas Room Air. Challenge Ga% Boron Trifluoride,Challenge Ga- Concenti-tionis) tin order run) 105 ppm. 24 ppm. 105 ppm.
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Fivure C- 72 DC Resistance Measured Between the Driven-Electrode and Floating- Electrode of the IGE Arri>.
Curing Series of Purges and Challenge Gas Exposures. The Number of Measurements (at crosses) is 244. The
Tesinig Conditions Included thc Following:

IGE Arra% Number 3. Thin-film Material Copper Phthalocvanine.
Thin-film Thickness 2AW0 Angstroms Test Temperaturels) Purge & Challcenge at 150'C

Purge Gas Room Air. Challenge Gas Boron Trifluoride.
Challenge Gas Concentratiotits) (in order run): 105 ppm. 24 ppm. 105 ppm.

Figure C- 73. DC Resistance Mleasured Between the Driven-Electrode and Floating-Electrode of the ICE. Aras
During Series of Purees and Challenge Gas Exposures. The Number of Measurements (at crosses) is 244. The
Testing Conditions Included the Following:

IGE Array Number 4. Thin-film Material Copper Phthalocsaninc.
Thin-film Thickness .8.200 Angstroms Test Temperature(s) :Purge & Challenge at 150'C

Purge Gas Room Air. Challenge Gas Boron Trifluoride.
Challenge Gas Concentraiions (in order run) 105 ppm. 24 ppm. 105 ppm.
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Figure C- 74 DC Resistance Measured Between the Driven-Elctrode and Floating-Electrode of the IGE Array,
During Series of Purges and Challenge Gas Exposures. The Number of. Measurements tat croshes) is 244. The
Te~tung Conditions Included the Follow iniz:

IGE Array Number : 4. Thin-fMm Mlaicrial Copper Phthalocyanine,
Thin-film Thickness. 8.200 Angstroms Test Temperaturets) Purge & Challenge at 150*C

Purge Gas Room Air. Challenge Gas Boron Trifluoride.
Challenge Gas Concentration(s) tin ordcr run): 105 ppm. 24 ppm. 105 ppm.

meE_ tiC .0

Figure C- 75. DC Resistance Measured Between the Driken-Electrode and Flotiung-Electrode of the IGE Arra"yv
During Seris of Purges and Challenge Gas Exposurrs. The Numbe-r of Measjuremnents tat crotsses) is.244. The
Testing Conditions Included the Following:

IGE Array Number 6. Thin-film Material Copper Phthalocvanine.
Thin-film Thickness i8.200 Angstroms Test Temperature(s) Pu rge & Challenge at 10 C

Purge Gas Room Air. Challenge Gas Boron Trifluoridc.
Challenge Gas Concentration(s) (in order run): 105 ppm. 24 ppm. 10)5 ppm.

C-51



Vol' L*C'rS2

Figure C- 76 -DC Resistance Measured Between the Driven-Electrode and Floating-Electrode of the IGE Array.
During Series of Purges and Challenge Gas Exposures. The Number of Measurements (at orosses) is 244. The
Testing Conditions Included the Following:

IGE Arma Number 7. Thin-film Material .Copper Phthalocvanine.
Thin-Film Thickness 16.000 Angsuroms Test Temperature(s) :Purge & Challenge at I150'C

Purge Gas Room Air, Challenge Gas Boron Trifluoridc,
Challenge Gas Concentration(s) tin order nun) 105 ppm. 24 ppm. 105 ppmn.

8

Figure C- 77 .DC Resistance Measured Between the Driven-Electrode and Floating-Electrode of the IGE Ar-as -

During Series of Pureges and Challenge Gas Exposures. The Number of Mecasurements (at crosses) is 244. The
Testing Conditions Included the Following:

ICE Array Number :8. Thin-film Material Copper Phthalisyanine.
Thin-film Thickness 16.000 Angstroms Test Temperaturets) Purge & Challenge at 150*C

Purge Gas Room Air. Challenge Ga., Boiron Trifluori~lc.
Challenge Gas Concenu-.ationts) (in order run): 105 ppm. 24 ppm. 105 ppm.
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Figure C- 78 .DC Resistance Measured Between the Driven-Eletd and Floatting-Electrode of the IGE Arra).
During Series of Purges and Challenge Gas Exposures. The Number of LM easuremcnts (at croseS) is 244. The
Testing Conditions Included the Following:

IGE Array Number 9. Thin-film Material :Copper Phthalocyanine.
Thin-film Thickness 16.0r,,) Angstroms Test Temperaturets) Puree & Challenge at 150*C

Purge Gas Room Air. Challenge GwN Boron Trifluorid.
Challenge Gas Concentration(s) (in order run): 105 ppm. 24 ppm. 105 ppm.
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Gain (in dB) versus Frequency (in Hz)
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Figure C-79. Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number 3: CuPc Thin-film (2.100 Angstroms Thick): Temperature of 150 degrees
Centigrade: Boron Trifluoride Challenge Gas (Order of Exposures: 105 ppm. 24 ppm. 105
ppm). C-54



Gain (in dB) versus Frequency (in Hz)
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Figure C-80. Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number 3: CuPc Thin-film (2,100 Angstroms Thick); Temperature of 150 degrees
Centigrade; Boron Trifluoride Challenge Gas (Order of Exposures: 105 ppm, 24 ppm, 105
ppm).
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9Phase Angle (deg) versus Frequency (Hz)
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Figure C-81 . Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 3; CuPc Thin-film (2,100 Angstroms Thick): Temperature of 150
degrees Centigrade; Boron Trifluoride Challenge Gas (Order of Exposures: 105 ppm. 24
ppm. 105 ppm).
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9 Phase Angle (deg) versus Frequency (Hz)I
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Figure C-82 . Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 3: CuPc Thin-film (2,100 Angstroms Thick), Temperature of 150
degrees Centigrade; Boron Trifluoride Challenge Gas (Order of Exposures: 105 ppm, 24
ppm, 105 ppm).
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Gain (in d8) versus Frequency (in Hz)
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Figure C-84. Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number 5; CuPc Thin-film (8,200 Angstroms Thick); Temperature of 150 degrees
Centigrade; Boron Trifluoride Challenge Gas (Order of Exposures: 105 ppm. 24 ppm, 105
ppm).
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Phase Angle (dog) versus Frequency (Hz)
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Figure C-85. Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 5-: CuPc Thin-film (8,200 Angstroms Thick); Temperature of 150
degrees Centigrade: Boron Trifluoride Challenge Gas (Order of Exposures: 105 ppm. 24
ppm. 105 ppm). C-60
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Figure C-86 -Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 5-, CuPc Thin-film (8,200 Angstroms Thick)-. Temperature of 150
degrees Centigrade: Boron Trifluoride Challenge Gas (Order of Exposures: 105 ppm, 24
ppm. 105 ppm).
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Gain (in dB) versus Frequency (in Hz)
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Figure C-87 Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number 8; CuPc Thin-film (16,000 Angstroms Thick); Temperature of 150 degrees
Centigrade; Boron Trifluoride Challenge Gas (Order of Exposures: 105 ppm. 24 ppm, 105
ppm).
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Figure C-88.. Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 8; CuPc Thin-film (16.000 Angstroms Thick)-. Temperature of 150
degrees Centigrade; Boron Trifluoride Challenge Gas (Order of Exposures: 105 ppm. 24
ppm, 105 ppm).
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Section 2

This section summarizes the dc resistance versus time plots for the
CuPc films exposed separately to DMMP (Figures C-89 to C-91) and DIMP
(Figures C-92 to C-94) at three temperatures: 150C; 90°C, and 30C.
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Figure C-89 • DC Resistance Measured Between the Driven-Electrode and
Floating-Electrode of the IGE Array, During Series of Purges and Challenge Gas
Exposures. The Testing Conditions Included the Following:

IGE Array Number • 1,
Thin-film Material • Copper Phthalocyanine,

Thin-film Thickness • 3200 Angstroms
Test Temperature(s) • Initial Purge & Challenge at 150°C, Second Purge

& Challenge at 90°C, Third Purge and Challenge at 30"C,
Purge Gas " Room Air,

Challenge Gas • DMMP,
Challenge Gas Concentration(s) (in order run): 10 ppm.
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Pigure-C- 90 DC Resistance Measured Between the Driven-Electrode and
-floating-Electrode of the IGE Array. During Series of Purges and Challenge Gas
Exposures. The Testing Conditions Included the Following:

IGE Array Number • 2,
Thin-film Material Copper Phthalocyaninc,

Thin-film Thickness 3200 Angstroms
Test Temperature(s) • Initial Purge & Challenge at 150"C, Second Purge

& Challenge at 90"C, Third Purge and Challenge at 30"C,
Purge Gas Room Air,

Challenge Gas DMMP,
Challenge Gas Concentration(s) (in order run): 10 ppm.
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Figure C- 91 DC Resistance Measured Between the Driven-Electrode and
Floating-Electrode of the IGE Array, During Series of Purges and Challenge Gas
Exposures. The Testing Conditions Included the Following:

IGE Array Number • 3,
Thin-film Material " Copper Phthalocyanine,

Thin-film Thickness " 3200 Angstroms
Test Temperature(s) " Initial Purge & Challenge at 150 0C, Second Purge

& Challenge at 900C, Third Purge and Challenge at 30°C,
Purge Gas • Room Air,

Challenge Gas • DMMP,
Challenge Gas Concentration(s) (in order run): 10 ppm.
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Figure C- 92 . DC Resistance Measured Between the Driven-Electrode and
Floating-Electrode of the IGE Array, During Series of Purges and Challenge Gas
Exposures. The Testing Conditions Included the Following:

IGE Array Number : 1,
Thin-film Material : Copper Phthalocyanine,

Thin-film Thickness 3200 Angstroms
Test Temperature(s) : Initial Purge & Challenge at 150°C, Second Purge

& Challenge at 90"C, Third Purge and Challenge at 300 C,
Purge Gas : Room Air,

Challenge Gas : DIMP,
Challenge Gas Concentration(s) (in order run): 3 ,ppm.
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Figure C- 93 DC Resistance Measured Between the Driven-Electrode and
Floating-Electrode of the IGE Array, During Series of Purges and Challenge Gas
Exposures. The Testing Conditions Included the Following:

IGE Array Number : 2,
Thin-film Material : Copper Phthalocyanine,

Thin-film Thickness : 3200 Angstroms
Test Temperature(s) : Initial Purge & Challenge at 150'C, Second Purge

& Challenge at 90°C, Third Purge and Challenge at 30°C,
Purge Gas : Room Air,

Challenge Gas : DIMP,
Challenge Gas Concentration(s) (in order run): ppm.
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Figure C- 94 • DC Resistance Measured Between the Driven-Electrode and
Floating-Electrode of the IGE Array, During Series of Purges and Challenge Gas
Exposures. The Testing Conditions Included the Following:

IGE Array Number " 3,
Thin-film Material • Copper Phthalocyaninc,

Thin-film Thickness • 3200 Angstroms

Test Temperature(s) " Initial Purge & Challenge at 150°C. Second Purge
& Challenge at 900 C, Third Purge and Challenge at 30"C,

Purge Gas : Room Air,
Challenge Gas • DIMP,

Challenge Gas Concentration(s) (in order run): 3 'ppm.
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Appendix D: Response of CoPc Thin-Film Coatings.

This appendix presents a portion of the significant responses to the
challenge gases for the CoPc thin-films evaluated during this investigation.
The appendix is divided into two sections: Section 1 deals with the
responses to challenge gases at 150°C (referred to as the Series 11 tests in
the thesis body); Section 2 presents information concerning DMMP and
DIMP challenges to CoPc at temperatures of 150°C, 90'C, and 30'C.

Section 1

Resistance and gain and phase angle transfer function responses for
the challenge and purge cycles are provided as:

-CoPc challenged with N02 (Figures D-1 to D-71),
--dc resistance measurements versus time,
--gain and phase angle measurements versus frequency,
--sensitivity, and reversibility calculations versus frequency,

-CoPc challenged with NH3 (Figures D-72 to D-86),
--dc resistance measurements versus time,
--gain and phase angle measurements versus frequency,

-CoPc challenged with BF3 (Figures D-87 to D-101),

--dc resistance measurements versus time,
--gain and phase angle measurements versus frequency,
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~40
Figure D1I DC Resistance Measured Between the Driven-Electrode and Floating-Electrode of the IGE Armay,
During Series of Purges and Challenge Gas Exposures. The Number of Measurements (at crosses) is 420. The
Testing Conditions Included the Following:

IGE Array Number 1, Thin-Film Material :Cobalt Phthalocvanine.
Thin-film Thickness 2.500 Angstroms Test Temperature(s) :Purge & Challenge at 150'C

Purge Gas :Room Air. Challenge Gas :Nitrogen Dioxide.
Challenge Gas Concentration(s) (in order run): 1000 ppb. 30 ppb. 50 ppb, 100 ppb. 500 ppb. 1000 ppb.
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FigureD-2 .DC Resistance Measured Between the Driven-Electrode and Floating-Electrode of the IGE Array.
During Series of Purges and Challenge Gas Exposures. The Number of Measurements (at crosses) is 420. The
Testing Conditions Incuded the Following:

IGE Array Number :2. Thin-film Material =Cobalt Phthalocyanine.
Thin-finm Thickness 2,500 Angstroms Test Temperature(s) Purge & Challenge at 1 50'C

Purge Gas :Room Air. Challenge Gas Nitrogen Dioxide.
Challenge Gas Concentration(s) (in order run): 1000 ppb. 30 ppb. S0 ppb. 100 ppb. 500 ppb. 1000 ppb.
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Figure D-3 This Device Malfunctioned. DC Resistance Measured Between the Driven-Electrode and
Floating-Electrode of the IGE Array. During Series of Purges and Challenge Gas Exposures. The Number of
Measurements (at crosses) is 420. The Testing Conditions Included the Following:

IGE Array Number 3. Thin-film Material Cobalt Phthalocyanine.
Thin-fdm Thickness 2.500 Angstroms Test Temperature(s) Purge & Challenge at 150°C

Purge Gas Room Air. Challenge Gas Nitrogen Dioxide.
Challenge Gas Concentration(s) (in order run): 1000 ppb. 30 ppb, 50 ppb, 100 ppb, 500 ppb. 1000 ppb.
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Figure D-4. DC Resistance Measured Between the Driven-Eectrode and Floating-Electrode of the IGE Array.
During Series of Purges and Challenge Gas Exposures. The Number of Measurements (at crosses) is 420. The
Testing Condiuons Included the Following:

IGE Array Number 4. Thin-fim Material Cobalt Phthalocyanine.
Thin-film Thickness 5.400 Angstroms Test Temperature(s) Purge & Challenge at 1500C

Purge Gas Room Air, Challenge Gas Nitrogen Dioxide.
Challenge Gas Concentration(s) (in order run): 1000 ppb. 30 ppb. 50 ppb, 100 ppb, 500 ppb. 1000 ppb.
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Figure .This Device Malfuanctioned. DC Resistance Measured Between the Driven-Electrode and
Flotin?-dc uodeofthe IGE Array. During Series of Purges and Challenge Gas Exposures. The Number of

Measurements (at crosses) is 420. The Testing Conditions Included the Following:

[GE Aray Number 5. Thin-film Material Cobalt Phthalocyanine.
Thin-film Thickness 5.400 Angstroms Test Temperature(s) Purge & Challenge at 150*C

Purge Gas :Room Air. Challenge Gas Nitrogen Dioxide,
Challenge Gas Concentration(s) (in order run): 1000 ppb, 30 ppb. 50 ppb. 100 ppb. 500 ppb. 1000 ppb.
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Figure D-6.- DC Resistance Measured Between the Driven-Electrode and Floating-Electrode of the [GE Array,
During Series of Purges and Challenge Gas Exposures. The Number of Measurements (at crosses) is 4520. The
Testing Conditions Included the Following:

IGE Array Number :6. Thin-film Material :Cobalt Phthalocvanine.
Thin-film Thickness: 5.400 Angstroms Test Temperature(s). Purge & Challenge at 1500C

Purge Gas :Room Air. Challenge Gas :Nitrogen Dioxide.
Challenge Gas Concentrationxs) (in order run): 1000 ppt,. 30 ppb. 50 ppb. 100 ppb. 500 ppb. 1000 ppb.
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Figure D-7 DC Resistance Measured Between the Driven-Electrode and Floating-Electrode of the (GE Array.
During Series of Purges and Challenge Gas Exposures. The Number of Measurements (at crosses) is 420. The
Testing Conditions Included the Following:

IGE Array Number 7. Thin-film Material :Cobalt Phthalocyanine.
Thin-film Thickness 10.500 Angstroms Test Temperature(s) :Purge & Challenge at l500 C

Purge Gas Roam Air. Challenge Gas : Nitrogen Dioxide.
Challenge Gas Concentrationls) (in order run): 1000 ppb. 30 ppb. 50 ppb. 100 ppb. 500 ppb. 1000 ppb.
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Figure 9-8 .DC Resistance Measured Between the Drivcn-Ee.csrode and Floating-Electrode of the IGE ArraN.
During Series of Purges and Challenge Gas Exposures. The Number of Mcasurements wat crosses) is 419. The
Testing Conditions Included the Following:

(GE Array Number :8. Thin-film Material .Cobalt Phthalocyaninte.
Thin-film Thickness 10.500 Angstroms Test Temperaturews : Purge & Challenge at 150*C

Purge Gas Room Air. Challenge Gas Nitrogen Dioxide.
Challenge Gas Concentration(s) (in order run) : 1000 ppb. 30 ppb. 50 ppb. 100 ppb. 500 ppb. 1000 ppb.
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Figure D-9. DC Resistance Measured Between the Driven-Electrode and Floating-Electrode of the IGE Array,
During Series of Purges and Challenge Gas Extposures. The Number of Measurements (at crosses) is 419. The
Testing Conditions Included the Following:

IGE Array Number 9. Thbin-film Material :Cobalt Pisthalocyanine.
Thin-flmn Thickness 10.500 Angstroms Test Temperature(s) Purge & Challenge at 150*C

Purge Gas Room Air, ChaUenge Gas Nitrogen Dioxide,
Challenge Gas Concentration(s) (in order run) 1000 ppb. 30 ppb, 50 ppb. 100 ppb. 500 ppb. 1000 ppb.
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Figure D-10 Gain versus Frequency Response of IGEFET Mticrosensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number h: CoPc Thin-film (2.500 Angstroms Thick); Temperature of 150 degrees
Centigrade-, Nitrogen Dioxide Challenge Gas (Order of Exposures: 1000 ppb. 30 ppb. 50
ppb. 100 pph. 500 ppb. 1000 ppb).
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0.

.5
-10

G -I5
a
i -20

n -25

-30

-35

-40

-45 I I I I I
10 100 1000 10000 100000 1000000

Frequency (log scale)
, Pre-exposure o Challenge #3 (50 ppb Nitrogen Dioxide) * Purge #3

Gain (in dB) versus Frequency (in Hz)
5

-5

-I0 All Three Plots Follow
G -15 Similar Paths
a

i -20

n -25

-30

-35

-40
-4I I

10 I00 1000 10000 100000 1000000

Frequency (log scale)
* Pre-exposure a Challenge #1 (100 ppb Nitrogen Dioxide) * Purge #1

I Gain (in dB) versus Frequency (in Hz)

5
I.

G -s
a
i -20

n -2k-
-30

-35_
-40. z qO.~

-45 III

Frequency (log scale)
oPre-exposure a Challenge #2 (500 ppb N;trogen Dioxide) * Purge #2

Figure D)-1 1. Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number ICt) Pc Thin-film (2, 500kngstroms Thick): Temperature of 150 degrees
Centigrade; Nitrogen Dioxide Challenge Gas (Order of Expo~sures: 1000 ppb, 30 ppb, 100
ppb, 500 ppb, 10 00) ppb).D -
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Figure D-12 . Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number 1 (oPe-Thin-film2500 Angstroms Thick); Temperature of 150 degrees
Centigrade; Nitrogen Dioxide Challenge Gas (Order of Exposures: 1000 ppb, 30 ppb, 100
ppb, 500 ppb, 1000 ppb).
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CL Phase Angle (dog) versus Frequency (Hz)I
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Figure D-13 Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
M icrosensor Number 1: CoPc Thin-film (2,500 Angstroms 'Mick), Temperature of 150
degrees Centigrade: Nitrogen Dioxide Challenge Gas (Order of Exposures: 1000 ppb,-3
ppb, 50 ppb, 100 ppb, 500 ppb, 1000 ppb).
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FigueD- 4  .Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 1; CoPc Thin-film (2.500 Angstroms Thick), Temperature of 150
degrees Centigrade, Nitrogen Dioxide Challenge Gas (Order of Exposures: 1000 ppb. 30
ppb. 100 ppb. 500 ppb, 1000 ppb).
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Figure D-15 Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 1; CoPc Thin-film (2,500 Angstroms Thick); Temperature of 150
degrees Centigrade: Nitrogen Dioxide Challenge Gas (Order of Exposures: 1000 ppb, 30
ppb, 100 ppb, 500 ppb, 1000 ppb).
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5 Gain (in dB) versus Frequency (in Hz)
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Figure D"16 Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number 4. CoPc Thin-film (5,400 Angstroms Thick); Temperature of 150 degrees
Centigrade: Nitrogen Dioxide Challenge Gas (Order of Exposures: 1000 ppb, 30 ppb, 50
ppb, 100 ppb, 5W3 ppb, I OW ppb).
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Figure D-18 Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number 4; CoPc Thin-film (5,400 Angstroms Thick); Temperature of 150 degrees
Centigrade; Nitrogen Dioxide Challenge Gas (Order of Exposures: 1000 ppb, 30 ppb, 100
ppb, 500 ppb, 1000 ppb).

D-15



CL Phase Angle (dog) versus Frequency (Hz)
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Figure D-19. Phase Angle versus Frequency Response of IGEFET icrosensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 4; CoPc Thin-film (5,400 Angstroms Thick); Temperature of 150
degrees Centigrade; NItrogen Dioxide Challenge Gas (Order of Exposures: 1000 ppb, 30
ppb. 50 ppb, 100 ppb, 500 ppb. 1000 ppb).
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Figure D-20 . Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 4; CoPc Thin-film (5,400 Anigstroms Thick). Temperature of 150
degrees Centigrade, Nitrogen Dioxide Challenge Gas (Order of Exposures: 1000 ppb, 30
ppb. 100 ppb, 500 ppb, 1000 ppb).
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Figure D-21 Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 4; CoPc Thin-film (5,400 Angstroms Thick); Temperature of 150
degrees Centigrade; Nitrogen Dioxide Challenge Gas (Order of Exposures: 1000 ppb, 30
ppb, 100 ppb. 500 ppb, 1000 ppb).
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Figure D-22. Gain vers us Frequency Response of JGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number 9; CoPc Thin-film (10,500 Angstromis Thick): Temperature of 150 degrees
Centigrade; Nitrogen Dioxide Challenge Gas (Order of Exposures: 1000 ppb. 30 ppb. 50
ppb, 100 ppb, 500 ppb. 1000 ppb).
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C Phase Angle (deg) versus Frequency (Hz)
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Figure D-25. Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 9; CoPc Thin-film (10,500 Angstroms Thick): Temperature of 150
degrees Centigrade; Nitrogen Dioxide Challenge Gas (Order of Exposures: 1000 ppb, 30
ppb. 50 ppb. 100 ppb, 500 ppb, 1000 ppb).
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Fipure D-26. Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 9: CoPc Thin-film (10,500 Angstroms Thick), Temperature of 150
degrees Centigrade: Nitrogcn Dioxide Challenge Gas (Order of Exposures:I000 ppb. 30
ppb. i 00 ppb. 500 pph. 1000 ppb).
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0 Phase Angle (deg) versus Frequency (Hz)
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Figure D-27. Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 9; CoPc Thin-film (10,500 Angstroms Thick); Temperature of 150
degrees Centigrade; Nitrogen Dioxide Challenge Gas (Order of Exposures: 1000 ppb, 30
ppb, 100 ppb, 500 ppb, 1000 ppb).
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Figure D-72. DC Resistance Measured Betsseen the Driven-Electrode and Floating-Electrode of the IGE Array.
During Series of Purges and Challenge Gas Exposures. The Number of Measurements (at crosses) is 338. The
Testing Conditions Included the Following:

IGE Array Number 1. Thin-film Material Cobalt Phthalocysnine.
Thin-film Thickness 2.5W0 Angstroms Test Temperaturews Purge & Challenge at l5OWC

Purge Gas Room Air. Challenge Gas =Ammonia.
Ch~.lengc Gas Concentrations) (in order run): 500 ppm. 16 ppm. 106 ppm. 250 ppm.
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Figure D-73. DC Resistance Measured Between the Driven-Electrode and Floating-Electrode of the IGE Arrmy.During Series of Purges and Challenge Gas Extposures. The Number ot Measurements (at crosses) is 338. TheTesting Conditions Included the Following:

IGE Array Number 2. Thin-film Material :Cobalt Phihalocyaninc.
Thin-film Thickness 2.500 Angsteoms Test Temperature(s) Purge & Challenge at 150'C

Purge Gas Room Air. Challenge Gas :Ammonia.
Challenge Gas Concentration(s) (in order run): 500 ppm. 16 ppm. 106 ppm,. 250 ppm.
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Figure D-74. DC Resistance Measured Between the Driven-Electrode and Floating-Electrode of the IGE Array.
During Series of Purges and Challenge Gas Exposures. The Number of Mcasurements (at crosses) is 338. The
Testing Conditions Included the Following:

IGE An'ray Number 3, Thin-film Material Cobalt Phthalocyanine.
Thin-film Thickness 2.500 Angstroms Test Temperatures) Purge & Challenge at 150'C

Purge Gas Room Air. Challenge Gas : Ammonia.
Challenge Gas Concentration(s) (in order run): 500 ppm. 16 ppm. 106 ppm. 250 ppm.
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Figure D-75. DC Resistance Measured Between the Driven-Electrode and Floating-Electrode of the IGE Array.
During Series of Purges and Challenge Gas Exposures. The Number of Measurements (at crosses) is 338. The
Testing Conditions Included the Following:

IGE ,Ary Number 4. Thin-film Material Cobalt Phthaloc)anine,
Thin-film Thickness 5.400 Angstroms Test Temperaturets) Purge & Challenge at 150*C

Purge Gas Room Air. Challenge Gas Ammonia.
Challenge Gas Concentration(s) tin order run) : 500 ppm. 16 ppm, 106 ppm, 250 ppm.
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FiueQ-6 DC Resistanicc Measured Between the Driven-Electrode and Floaig-Electrode of the IGE Array,
Dring Sere~sofPurges and Challenge Gas Exposures. The Number of Measurements (at crosses) is 338. The

Testing Conditions Included the Following.

[GE Array Numb-er 5, Thin-filin Material Cobalt Phthalocyanine.
Thin-film Thickness 5,400 Angstroms Test Temperaturei s) Purge & Challenee at 150*C

Purge Gas Room Nir. Challenge Gas Ammonia,
Challenge Gas Concentration(s) (in order run) :500 ppm. 16 ppm. 106 ppm. 250 ppm.
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Figure D-77.. Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number 1: CoPc Thin-film (2,500 Angstroms Thick); Temperature of 150 degrees
Centigrade: Ammonia Challenge Gas (Order of Exposures: 500 ppm. 16 ppm, 106 ppm.
250 ppm, 500 ppm).

D-50



-26.o. _ Gain (in dB) versus Frequency (in Hz)

-27.6

-29.2

-30.8
G -32.4
a

i -34.0

n -35.6

-37.2

-38.8

-40.4

-42.0 I I I I

10 100 1000 10000 100000 1000000

Frequency (log scale)
* Purge #1 a Challenge #2 (106 ppm Ammonia) * Purge #2

-25.0. Gain (in dB) versus Frequency (in Hz)]

-26.7

-28.4_

-30.1
G -31.8

a
i -33.5

n -35.2

-36.9

-38.6

-40.3

-42.0._

10 100 1000 10000 100000 1000000
Frequency (log scale)

o Pre-exposure a Challenge #1 (250 ppm Ammonia) * Purge #2

-28. 0 Gain (in dB) versus Frequency (in Hz)

-27.6

-29.2

-30.8

a -32.4a
-34.0

n -35,6

-37.2

-38.8

-40.4_

-42.0

10 100 1000 10000 100000 1000000

Frequency (log scale)
o Pre-exposure 0 Challenge #1 (500 ppm Ammonia) # Purge #2

Figure D-78 . Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number I: CoPc Thin-film (2,500 Angstrom,; Thick): Temperature of 150 degrees
Centigrade; Ammonia Challenge Gas (Order of Exposures: 500 ppm, 16 ppm, 106 ppm.
250 ppm, 500 ppm).
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C. Phase Angle (deg) versus Frequency (Hz)
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Figure D-7 '9 Phasc Angle versus Frequenlcy Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 1: CoPc Thin-film (2,500 Angstroms Thick): Temperature of 150
degrees Centigrade: Ammonia Challenge Gas (Order of Exposures: 500 ppm. 16 ppm. 106
ppm. 250 ppm. 500 ppm).
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Figure D-80. Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 1: CoPc Thin-film (2,500 Angstronms Thick); Temperature of 150
degrees CentigradWe: Ammonia Challenge Gas (Order of Exposures: 500 ppm, 16 ppm. 106
ppm. 250 ppm. 500 ppm).
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Figure D-81 .Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Expo~sures. Testing Conditions: IGE Microsensor
Number 4-: CoPc Thin-film (5,400 Angstroms Thick): Temperature of 150 degrees
Centigrade-, Ammonia Challenge Gas (Order of Exposures: 500 ppm, 16 ppm. 106 ppm,
250 ppm. 500 ppm).
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Figure D-82. Gin versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number 4: NiPc Thin-film (6,200 Angstroms Thick): Temperature of 150 degrees
Centigrade: Ammonia Challenge Gas (Order of Exposures: 500 ppm. 16 ppm. 106 ppm.,
250 ppm, 500 ppm).
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Figure D-83. Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 4-: CoPc Thin-film (5,400 Angstroms Thick). Temperature of 150
degrees Centigrade-, Ammonia Challenge Gas (Order of Exposures: 500 ppm. 16 ppm, 106
ppm. . 250 ppm. 500 ppm).
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Figure D-84; Phase Angle 'ersus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 4: CoPc Thin-film (5,400 Angstroms Thick): Temperature of 150
degrees Centigrade: Ammonia Challenge Gas (Order of Exposures: 500 ppm, 16 ppm, 106
ppm,, 250 ppm 500 ppm)
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Figure D-85.Gatin versus Frequency Response of IGEFET Microsensor for it Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number 9:, CoPc Thin-film (10,500 Angstroms Thick). Temperature of 150 degrees
Centigrade: Ammonia Challenge Gas (Order of Exposures: 500 ppm. 16 ppm. 106 ppm..,
250 ppm. 500 ppm)
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Figure D-3-. DC Resistance Measured Between the Driven-Electde and Floating-Electrode of thse IGE Array,
During Senies of Purges and Challenge Gas Exposures. The Number of Measurements (at crosses) is 237. The
Testing Conditions Included the Following:

IGE Arry Number 1, Thin-film Material :Cobalt Phrhaocyanine.
Thin-film Thickness 2.500 Angstromns Test Temperature(s): Purge & Challenge at 150 0C

Purge Gas Room Air, Challenge Gas Boron Trifluoride,
Challenge Gas Concentration(s) (in order run): 24 ppm, 48 ppm.
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Figure o-89 DC ReSISstmCe Measured Betwee the Driven-Electrode and Floaing-Electrode of the IGE Army,
DuringSerisof PMUr vad Challeng Gas Exposures. The Number of Measurements (at crosses) is 237. The
Testig Conditons Inclued doe Following:

IGE Amry Number 2. Thin-film Material Cobalt Phthalocyanine.
Thin-film Thicimess 2_300 Anpuomas Test Temperature(s): Purw & Challenge a 1501C

Papg Gas Roam Air. Challenge Gas :Boron Trifluordle.
Challenge Gn Concentratior~s) (in order rim): 24 ppm. 48 ppm.

D-60



10
10

R3_ohms
(0,1)

10
0 Time3_ 1nHours 24

Figure D- q DC Resistance Measured Between the Driven-Elecrode and Floatng-Electrode of the IGE Array,
During Series of Purges and Challenge Uas Exposures. The Number of Measurements (at crosses) is 237. The
Testng Conditions Included the Following:

IGE Array Number : 3, Thin-film Material Cobalt Phthalocyanne.
Thin-film Thickness: 2.500 Angslroms Test Temperature(s) Purge & Challenge at 150'C

Purge Gas : Room Air. Challenge Gas : Boron Trifluoride,
Challenge Gas Concentation(s) (in order run): 24 ppn. 48 ppm.
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Figure D-gO DC Resistance Measured Between the Driven-Electrode and Floating-Electrode of the IGE Array,
During Series of Purges and Challenge Gas Exposures. The Number of Measurements (at crosses) is 237. The
Testing Conditions Included the Following:

IGE Army Number 4. Thin-film Material : Cobalt Phthalocyanine.
Thin-film Thickness 5,400 Angsoore Test Temperature(s): Purge & Challenge at 1501C

Purge Gas Room Air, Challenge Gas : Boron Trifluoride,
Challenge Gas Concentranon(s) (in ostler rnm): 24 ppm. 48 ppm.
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Figure D-91 DC Resistance Measured Between the Driven-Eleude and Floating-Electrode of the IGE Arry,
During Series of Purges and Challenge Gas Exposures. The Number of Measurements (at crosses) is 237. The
Testing Conditions Included the Following:

IGE Array Number 5, Thin-film Material :Cobalt Fhthalocyanine.
Thin-film Thickness: 5.400 Angstroms Test Temperature(s): Purge & Challenge at 150*C

Purge Gas :Room Air, Challenge Gas :Boron Trifluoride.
Challenge Gas Concentration(s) (in order nn): 24 ppm, 4 8 ppnt

9

96-ohms V
(011 E1% -

10
0 Txme6_in_Hours 24

Figure D-92. DC Resistance Measured Between the Driven-Electrode and Floating-Electrode of the IGE Array.
During Series of Purges and Challenge Gas Exposures. The Number of Measurements (at crosses) is 237. The
Testing Conditions Included the Following:

IGE Amry Number :6, Thin-film Material :Cobalt Pltthalocyanine.
Thin-film Thickness :10,500 Aniptroim Test Temperatures): Purge & Challenge at I50WC

Purge Gas :Room Air. Challenge Gas :Boron Trifluoride,
Challenge Gas Concentration(s) (in order run) : 24 ppm. 48 ppni.
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Figue 9. ista
Figure fDC Resisace Measured Between the Driven-Electrode and Floating-Electrode of the JOE Array,

During Se .so Purges and Challenge Gas Exposures. The Number of Measuremns (at crosses) is 237. The
Testing Conditions Included the Following:

IGE Array Number 7, Thin-film Material :Cobalt Phthalocyanine.
Thin-film Thickness: 10,500 Angstroms Test Temperature(s): Purge & Challenge at 150'C

.Purge Gas :Room Air. Challenge Gas :Boron Trifluoride,
Challenge Gas Concentration(s) (in order run): 24 ppm, 48 ppm.
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Figure D~q DC Resistance Measured Between the Driven-Eleatrode and Floating-Electrode of dhe JOE Arry,
During Series of Purges and Challenge Gas Exposures. The Number of Measuremetris (at crosses) is 237. The
Testing Conditions Included the Following:

JOE Array Number 8,S Thin-film Material :Cobalt Pluhalocyanine,
Thin-film Thickness:10,500 Anptronu Test Tempenrure(s): Purge & Challenge at 1500C

Purge Gas :Room Air. Challenge Gas :Boron Trifluoride.
Challenge Gas Concentration(s) (in order rn): 24 ppm, 48 ppm.
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Figure D-95 DC Resistance Measured Between the Driven-Electrode and Floanng-Electrode of the IGE Arry.
During Series of Purges wad Challenge Gas Exposures. The Numnber of Measturments (at crosses) is 237. The
Testing Conditons Incuded dhe Following:

JOE Army Numnber 9. Thin-film Material Cobalt Phdialocyanine.
Thin-film Thickness :10.5M Angstor Test Temnperature(s): Purge & Challenge a 1500C

Purge Gas Room Air, Challenge Gas Boron Trifluoride,
Challenge Gas Concentation(s) (in order run) : 2 4 ppm 48 pprn.
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Figure D-97. Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number l: CoPc Thin-film (2,500 Angstroms Thick); Temperature of 150
degrees Centigrade: Boron Trifluoride Challenge Gas (Order of Exposures: 24 ppm, 48
ppmn).
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FigurelD-98.. Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number 4: CoPc Thin-film (5,400 Angstromls Thick), Temperature of 150 degrees
Centigrade, Boron Trifluoride Challenge Gas (Order of Exposures:24 ppm. 48 ppm).
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Figure D-99.- Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 4: CoPc Thin-film (5,400 Angstroms Thick): Temperature of 150
degrees Centigrade, Boron Trifluoride Challenge Gas (Order of Exposures:24 ppm, 48
ppm).
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Figure D-0. Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number 9; CoPe Thin-film (10,500 Angstroms Thick): Temperature of 150 degrees
Centigrade: Ammonia Challenge Gas (Order of Exposures: 24 ppm, 48 ppm).
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CL Phase Angle (deg) versus Frequency (Hz)
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FigureD-ll. Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 9:, CoPc Thin-film (10,500 Angstroms Thick); Temperature of 150
degrees Centigrade; Ammonia Challenge Gas (Order of Exposures: 24 ppm, 48 ppm).
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Section 2

This section summarizes the dc resistance versus time plots for the
CoPc films exposed separately to DMMP (Figures D-102 to D-104) and
DIMP (Figures D-105 to D-107) at three temperatures: 150"C; 90'C, and
300C.
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Figure D-102 DC Resistance Measured Between the Driven-Electrode and
Floating-Electrode of the IGE Array, During Series of Purges and Challenge Gas
Exposures. The Testing Conditions Included the Following:

IGE Anay Number : 4,
Thin-film Material : Cobalt Phthalocyanine,

Thin-film Thickness : 5200 Angstroms
Test Temperature(s) : Initial Purge & Challenge at 150°C, Second Purge

& Challenge at 900C, Third Purge and Challenge at 30°C,
Purge Gas : Room Air,

Challenge Gas : DMMP,
Challenge Gas Concentration(s) (in order run): 10 ppm.
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Figure D- 103. DC Resistance Measured Between the Driven -Elctrodc and
Floating-Electrode of the IGE Array, During Series of Purges and Challenge Gas
Exposures. The Testing Conditions Included the Following:

IGE Array Number :5,
Thin-film Material :Cobalt Phthalocyanine,

Thin-film Thicknecss :5200 Angstroms
Test Temperature(s) :Initial Purge & Challenge at I 50*C, Second Purge

& Challenge at 90*C, Third Purge and Challenge at 30*C,
Purge Gas :Room Air,

Challenge Gas :DMMP,
Challenge Gas Concentration(s) (in order run): 10 ppm.
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Figure D- 104. DC Resistance Measured Between the Driven-Electroxe and
Floating-Electrxle of the IGE Array, During Series of Purges and Challengc Gas
Exposures. The Testing Conditions Included the Following:

IGE Array Number : 6.
Thin-film Material : Cobalt Phthalocyaninc,

Thin-film Thickness 5200 Angstromr
Test Temperature(s) : Initial Purge & Challenge at 150"C, Second Purge

& Challenge at 90"C. Third Purge and Challenge at 30°C.
Purge Gas : Rxm Air,

Challenge Gas : DMMP,
Challenge Gas Concentration(s) (in order run): 10 ppm.
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Figure DJ 0 5 DC Resistance Measured Betwccn the Driven-Electrode and
floating-Electrode of the IGE Array, During Series of Purges and Challenge Gas
Exposures. The Testing Conditions Included the Following:

IGE Array Number : 4,
Thin-film Material : Cobalt Phthalocyanine.

Thin-film Thickness : 5200 Angstroms
Test Temperature(s) : Initial Purge & Challenge at 150°C, Second Purge

& Challenge at 900C, Third Purge and Challenge at 30'C,
Purge Gas : Room Air,

Challenge Gas : DIMP,
Challenge Gas Concentration(s) (in order run): 3 ppm.
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Figure D- 106 DC Resistance Measured Between the Driven-Electrode and
Floating-Electrode of the IGE Array, During Series of Purges and Challenge Gas
Exposures. The Testing Conditions Included the Following:

IGE Array Number : 5,
Thin-film Material : Cobalt Phthalocyanine,

Thin-film Thickness : 5200 Angstroms
Test Temperature(s) : Initial Purge & Challenge at 150 0C, Second Purge

& Challenge at 90°C, Third Purge and Challenge at 30°C,
Purge Gas : Room Air,

Challenge Gas : DIMP,
Challenge Gas Concentration(s) (in order run): 3'(ppm.
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Figure D- 10 7  DC Resistance Measured Between the Driven-Electrode and
Floating-Electrode of the IGE Array, During Series of Purges and Challenge Gas
Exposures. The Testing Conditions Included the Following:

IGE Array Number : 6,
Thin-film Material : Cobalt Phthalocyanine,

Thin-film Thickness : 5200 Angstroms
Test Temperature(s) : Initial Purge & Challenge at 150'C, Second Purge

& Challenge at 900C, Third Purge and Challenge at 300 C,
Purge Gas : Room Air,

Challenge Gas : DIMP,
Challenge Gas Concentration(s) (in order run): 3 ppm.
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Appendix E: Response of NiPc Thin-Film Coatings.

This appendix presents a portion of the significant responses to the
challenge gases for the NiPc thin-films evaluated during this investigation.
The appendix is divided into two sections: Section 1 deals with the
responses to challenge gases at 150'C (referred to as the Series II tests in
the thesis body); Section 2 presents information concerning DMMP and
DIMP challenges to NiPc at temperatures of 150'C, 90°C, and 30°C.

Section 1

Resistance and gain and phase angle transfer function responses for
the challenge, and purge cycles are provided as:

-NiPc challenged with N02 (Figures E- 1 to E-2 1),
--dc resistance measurements versus time,
--gain and phase angle measurements versus frequency,
--sensitivity, and reversibility calculations versus frequency,

-NiPc challenged with NH3 (Figures E-22 to E-36),
--dc resistance measurements versus time,
--gain and phase angle measurements versus frequency,

-NiPc challenged with BF3 (Figures E-37 to E-51),
--dc resistance measurements versus time,
--gain and phase angle measurements versus frequency,
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Figure E- I DC Resistance Measured Between the Driven- Electrode and Floatinit-Electrode of the IGE Arra%.
Durine Series ol Purgtes and Challenge Gas Exposures. The Number of Measurements Plotted (at crosses i is 479.
Thec Testing Conditions Included thc Following:

IGE ArraN Number : . Thin-Film Material :Nickel Phthalocyanine.
Thin-film Thickness 2.600 Angstroms Test Temperature(s) Purge & Challenge at 150*C

Purge Gas Room Air. Challenge Gas N02.
Challenge Gas Concentration(sl (in order run) :0IOW ppb. 30 ppb. 50 ppb. 100 ppb. 500 ppb. I0OW ppb.

THIS IGE FAILED

R2_soims

Figure E- T . DC Resistance Measured Bet~ccn the Drien-Electrode and Floaiing-Electrxxie 01 the IGE An-as.
During Series of Purges and Challenge Gas Exposures. The Number ol Measurements Plotted (at crosses) is 479.
The Testing Conditions Included the Following,

IGE Array Number :2. Thin-film Material :Nickel Phthalocsanine.
Thin-filmThickness : 2,600 Angstroms Test Temrperaturelsi Purge &Challenge at 150*C

Purge Gas SRoom Air. Challenge Gas .NO02.

Challenge Gas Conicentration(s) (inorder run) : 1000 ppb. 30 ppb. 50 ppb. IOU ppb. 500 ppb. I000 ppb.
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Fieure E- 3 .DC Resistance Measu red Bet% cen the Driven-Electrode and Floating- Electrode of the IG E A rrav.
During Series of Purges and Challenge Gas Exposures. The Number of Measurements Plotted tat crosscs) is 479.
The Testing Conditions Included the Follow ing:

IGE Arra Number 3. Thin-film Material Nickel Phrhakxcanine.
Thin-film Thic:kness 2.600 Angstroms Test Temperature(!,) Purge & Challenge at 150'C

Purge Gas Room Air, Challenge Gas N02,
Challenge Gas Concntration(s) (in order run): IOWE ppb, 30 ppb. 5(0 ppb. 100 ppb. 500 ppb. 100t) ppb.

Figure E- 4 DC Resistance Measured Between the Driven-Electrode and Floating-Electrode of the IGE Arra,.
During Series of Purges and Challenge Gas Exposures. The Number of Measurements Plotted (at crosses) is 479.
The Testing Conditions Included the Following:

IGE Ar-av Number 4. Thin-film Material Nickel Phthalocvanine.
Thin- filmn Thickness 6,200 Angstroms Test Temperaturets) :Purge & Challenge at 150*C

Purge Gas Room Air. Challenge Gas :N02.
Challenge Gas Concentration(s) (in order run) MO100 ppb. 30 ppb. 50 ppb. I0W ppb. 500 ppb. HlK)) ppb.
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Figure E- 5 DC Resistance Measured Between L;,, Driven -Electrode and Float ine- Electrode of the IG E Arras.,
During Series of Purges and Challenge Gab Exposures. The Number of Measurcments Plotted iatcr0SSCN) is 479.
The Testig Conditions Included the Follow ingz:

IGE Arrms Number 5. Thin-film Material Nickel Phthalocsaninc.
Thi-film Thickness 6.200 Angstroms Test Tcmrperaturet s) Purge & Challenge at 150'C

Purec Gas Room Air. Challenge Gas N02.
Challenge Gas Concentrationts) i61 order run) 1000 ppb. 30 ppb. 50 ppb. 100 ppb. 500 ppb. 1IWO ppb.

Time6-in-Hours 4

Figure E- 6 DC Resistance Measured Between the Driven-Electrode and Floating2-Electrode of the IGE Array.
During Series of Purges and Challenge Gas Exposures. The Number of Mcasuimments Plotted (atcrosses) is 479.
Thc Tc-.ung Conditions Included the Following:

IGE An-ay Number 6. Thin-film Material :Nickel Phthalocyaninc.
Thin-film Thickness 6.2100 Angstroms Test Temperaturcms) Purge & Challenge at 150*C

Purge Gas Room Air. Challenge Gas N02.
Challenge Gas Concentrattion(s) (in order run) 10(1O1 ppb. 30 ppb. 50 ppb. 100 ppb. 500 ppb. If")1( ppb.
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Figure E- 7 .DC Resistance Measured Between the Driven-Electrode and Floating-Electrode ol the fGE-Array.
Durig Series of Purges and Challenge Gas Exposures. The Number of Measurements Plotted (at crosses) is 479.
The Testing Conditions Included the Following:

IGE Arra> Number : '. Thin-film Material Nickel Phthalocyanine.
Thin-film Thickness 12.500 Angstroms Test Temperaturei s) Purge& Challenge at 150*C

Purge Gas Room Air. Challenge Gas N02.
Challenge Gas Concentration(s) (in order run): 100 ppb. 30 ppb. 50 ppb. 100 ppb. 500 ppb. I00W ppb.

Figure E- 8 DC Resistance Measured Between the Driven-Electrode and Floating-Electrode (it the IGE Atra%.
During Series of Purges and Challenge Gas Exposbures. The Number of Measurements Plotted at crosses) is -479.
The Testing Conditions Included the Following-

IGE Array Number :8, Thin-filmn Material Nickel Phthaloc~aninc.
Thin- film'Th ickness 12,500 Angstroms Test Temperatures) Purge & Challenge at 150'~C

Purgze Gas Room Air. Challenge Gas N02.
Challenge Gas Concentration(s) (in order run) -1000 ppb. 30 ppb. 50 ppb. I00 ppb. 50( ppb. I00W ppb.
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Figure E-9 DC Resistance Measured Between the Driven-Electrodle and Floating-Electrode of the IGE Array.
During Series of Purges and Challenge Gas Exposures. The Number of Measurements Plotted (at crosses) is 479.
The Testing Conditions Inc luded the Following:

IGE Arrav Number =9. Thin-film Material :Nickel Phthalocanine.
Thin-film Thickness 12.5W0 Angstroms Test Temperaures Purge & Challcnge at IS0*C

Purge Gas Room Air. Challenge Gas :N02.
Chal lenge Gas Conccntrationts) (in order run): 1000 ppb. 30 ppb. 50 ppb. 100 ppb. 500 ppb. 1(X00 ppb.
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Figure E-10 Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number 1; NiPc Thin-film (2,600 Angstroms Thick); Temperature of 150 degrees
Centigrade, Nitrogen Dioxide Challenge Gas (Order of Exposures:l000 ppb, 30 ppb. -50
ppb. 100 ppb. 500 ppb, 1000 ppb).
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FigureE-11 . Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number 1: NiPc Thin-film (2.600 Anestroms Thick): Temnerature of 150 decrees
Centigrade- Nitrogen Dioxide Challenge Gas (Order of Exposures: 1000 ppb, 30 ppb, 50
ppb. 100 ppb, 500 ppb. 1000 ppb). E-8
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Figure E-12 Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number I; NiPc Thin-film (2,600 Angstroms Thick); Temperature of 150
degrees Centigrade; Nitrogen Dioxide Challenge Gas (Order of Exposures: 1000 ppb, 30
ppb, 50 ppb, 100 ppb, 500 ppb, 1000 ppb).
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Figure E-13. Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 1; NiPc Thin-film (2,600 Angstroms Thick); Temperature of 150
degrees Centigrade-. Nitrogen Dioxide Challenge Gas (Order of Exposures: 1000 pph. 30
ppb, 50 ppb. 100 ppb. 500 ppb. 1000 ppb).
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Figure 1 4  Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number 4: NiPc Thin-film (6,200 Angstroms Thick); Temperature of 150 degrees
Centigrade: Nitrogen Dioxide Challenge Gas (Ordcr of Exposures: 1000 ppb, 30 ppb, 50
ppb, 100 ppb. 500 pph. 1000 ppb).

E-11



o j Gain (in dB) versus Frequency (in Hz)

.IC

G -2C

10 100 1000 10000 100000 1000000

Frequency (log scale)

ePre-exposure a challenge #1 (50 ppb Nitrogen Dioxide) * Purge #1

0L Gain (in dB) versus Frequency (in Hz)

-10

-15
G -20
a

S-25
n -30

-35

-40

-45

-50

10 100 1000 10000 100000 1000000

Frequency (log scale)

oPre-exposure a Challenge #3 (100 ppb Nitrogen Dioxide) * Purge #3

0 Gain (in dB) versus Frequency (in Hz)
L

-10

-15
G -20
a

1 -25
nl -30

-35

-40

-45

10 100 1000 10000 100000 1000000

Frequency (log scale)
*Pre-exposure a Challenge #2 (500 ppb Nitrogen Dioxide) # Purge #2

Figure E-15. Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number 4; NiPc Thin-film (6,200 Angstroms Thick); Temperature of 150 degrees
Centigrade: Nitrogen Dioxide Challenge Gas (Order of Exposures: 1000 ppb, 30 ppb. 50

ppb. 100 ppb. 500 ppb. 1000 ppb).
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Figure E-16 Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 4; NiPc Thin-film (6,200 Angstroms Thick); Temperature of 150
degrees Centigrade; Nitrogen Dioxide Challenge Gas (Order of Exposures: 1000 ppb, 30
ppb, 50 ppb, 100 ppb, 500 ppb, 1000 ppb).
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Figure E-17 Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 4; NiPc Thin-film (6,200 Angstroms Thick); Temperature of 150
degrees Centigrade; Nitrogen Dioxide Challenge Gas (Order of Exposures: 1000 ppb. 30
ppb. 50 ppb, 100 ppb. 500 ppb, 1000 ppb).
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Figure E- 18 . Gain versus Frequency Response of IGIEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: JOE Microsensor
Number 9; NiPc Thin-film (12500 Angatrons Thick); Temperature of 150 degrees
Centigrade; Nitrogen Dioxide Challenge Gas (Order of Exposures: 1000 ppb, 30 ppb, 50
ppb, 100 ppb,S500ppb, 1000 ppb).
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Figure E-19. Gain versus Frequency Response of IGEPET Mcrosensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: JOE Mcrosensor
Number 9- NiPc Thin-film (12,500 Angstromns Thick); Temperature of 150 degrees
Centigrade; Nitrogen Dioxide Challenge Gas (Order of Exposures:1000 ppb, 30 ppb, 50
ppb, 100 ppb, 500 ppb, 1000 ppb).
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Figure E-20 Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 9; NiPc Thin-film (12,500 Angstroms Thick); Temperature of 150
degrees Centigrade: Nitrogen Dioxide Challenge Gas (Order of Exposures: 1000 ppb, 30
ppb, 50 ppb, 100 ppb, 500 ppb. 1000 ppb).
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Figure E-21 -Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: TOE
Microsensor Number 9: NiPc Thin-film (12,500 Angstroms Thick), Temperature of 150
degrees Centigrade; Nitrogen Dioxide Challenge Gas (Order of Exposures: 1000 ppb, 30
ppb, 50 ppb, 100 ppb. 500 ppb, 1000 ppb).
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Figure E-22 .DC Resistance Measured Between the Driven-Efectrixie and Floating-Electrode ol the IGE Array.
During Series of Purges and Challenge Gas Exposures. The Number oiMeasurements (at crosses) is 376. The
Testing Conditions Included the Following:

IGE Array Number 1. Thin-film Material =Nickel Phthalixvaninc.
Thin-fdom Thickness :2.600 Angstroms Test Temperatures( Purge & Challenge at 150*C

Pu~rge Gas Room Air. Challenge Gas NH3.
Challenge Gas Concentration(s) (in order run): 500 ppm. t6 ppm. 106 ppm. 250 ppm. 500 ppm.

R2-chmus

Figure E- 23 .DC Resistance Measured Between the Dniven-Electroe and Flouting-Electrode of the (GE Ara,..
During Series of Purges and Challenge Gas Exposures. The Number of Mecasuremnrts (at crosses) is 376. The
Testing Conditions Included the Following:

(GE Array Number :2. Thin-film Material Nickel Phthialocyaninc.
Thin-film Thickness 2.600 Angstroms Test Temperature(s) Purge & Challenge at 150*C

Purge Gas :Roomn Air. Challenge Gas NH3.
Challenge Gas Concentration(s) (in order run): 500 ppm. 16 ppm. 106 ppm. 250 ppm. 500 ppm.
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Figure E-24 DC Resistance Measured Bets~cen the Driven-ElectErode and Floating-Electrode 01 the IGE Aria>.
During Series of Purges and Challenge Gas Exposures. The Number of Measurermerits (at crosses) is 376. The
Testing Conditions [included the Following:

IGE Arrmy Number : . Thin-Film Material Nickel Phthaloc~aninc.
Thin-fil1m Thickness 1.600 Angstroms Test Temperatures) =Purge & Challenge at 15O'C

Purge Gas :Room Air. Challenge Gas :NH3.
Challenge Gas Con.cntrationms) (in order run): 5001 ppm. 16 ppm. 106 ppm. 250 ppm. 500 ppm..

Figure E- 25. DC Resistance Measured Bet%%eeni the Driven-Electrode and Floating-Electrode of the IGE Array.
During Series of Purges and Challenge Gas Exposures. The Number of.Measurements (at crosses) is 376. The'
Testing Conditions Included the Following:

IGE Arrav Number .4. Thin-film Material .Nickel Phthalocyanuic.
Thin-film Thickness :6.200 Angstroms Test Temperatureis) :Puree & Challenge at 150*C

Purge Gas Room Air. Challenge Gas .NH3.

Challenge Gas Concentrationls) (in order run); 500 ppmn. 16 ppm. 106 ppm. 250 ppm. 500 ppm.
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Figure E- 26 DC Resistance Measured Between the Driven-Electrode and Floutig-Elecurode of the [GE Art-a).
During Series of Purges and Challenge Gas Exposures. The Number of Measurements tat, crossesi is 376. The
Testing Coiidition Included the Following:

[GE Arrms Number :5. Thin-film Material Nickel Phthalocsaninc.
Thi-film Thickness 6.2(X0 Angstroms Test Temperaturet s) Purge & Challenge at 1501C'

Purge Gas Room Air, Challenge Gas 7NHI.
Challenge Gas Ctincentratonts) (in order ron); 500 ppm. 16 ppm. 106 ppm. 2150 ppm. 500 ppm.

RE-cr.,s

i n r- o~rs

Figure E- 27 DC Resistanc Measured Between the Driven-Electrode and Floatig-Electrode ot the [GE Art-as.
During Series of Purges and Challenge Gas Exposures. The Number of Measurements iat crosses) is 376. The'
Testing Conditions Included the Followking:

IGE Aras Number :6, Thin-film Material :Nickel Phihalovsanine.
Thin-film Thickness 6,2W Angstroms Test Tcniperaturews Purge & Challenge at ISU*C

Purge Gas Room Air. Challenge Gas :NH3.
Challenge Gas Cottccntrations) (in iirder run) : 5001 ppm. 16 ppm. I06 ppmn. 250) ppm. 500 ppmn.

E- 21



C T;.. 7_ .n H..rs

Figure E- 28 DC Resistance Measured Between the Driven-Electrode and Floating-Electrode of the [GE Array.
During Series of Purges and Challenge Gas Exposures. The Number of Measurements (at crosses) is 376. The
Tcsting Conditions Included the Following:

[GE Array Number 7. Thin-film Material Nickel Phthalks~anine.
Thin-film Thickness 12,500 Angstroms Test Temperautws) Purge & Challenge at 150'C

Purge Gas :Room Air. Challengze Gas NH3.
Challenge Gas Concentrations) (in order run): 500 ppm. 16 ppm. 106 ppm. 2501 ppm. 500 ppm.

Time ir o~rs32

Figure E-29 -DC Resistance Measured Between the Driven-Electrode and Floating-Electrode ol the [GE Array.
During Series of Purges and Challenge Gas Exposures. The Number of Masurements (at crosses) is 376. The
Testing Condition,. Included the Following:

IGE Arrav Number 8. Thin4-lIm Material Nickel Phthaloc'.anine.
Thin- fi m'Thic kness 12.500 Angstroms Test Temperature) s) Ptirge & Challenge at 150*C

Purge Gas Room Air. Challengze Gas NH3.
Challenge Gas Concenitration s) (in order run) : 5010 ppm, 16 ppm. 106 ppm. 250 ppm. 500 ppm.
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FigureE-30. DC Resistance Measured Between the Driven-Elcctrode and Floating-Electrode ofthe IGE Arny.
During Series of Purges and Challenge Gas Exposures. The Number of Measurements (at crosses) is 376. The
Testing Conditions Included the Following:

IGE Array Number 9, Thin-film Material : Nickel Phthalocvanine.
Thin-film Thickness : 12.500 Angstroms Test Temperature(s): Purge & Challenge at 150*C

Purge Gas Room Air. Challenge Gas NH3.
Challenge Gas Concentration(s) (in order run): 500 ppm. 16 ppm. 106 ppm, 25(0 ppm. 500 ppm.
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A_ [Phase Angle (deg) versus Frequency (Hz)
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Figure E-32- Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 1: NiPc Thin-film (2,600 Angstroms Thick): Temperature of 150
degrees Centigrade: Ammonia Challenge Gas (All Exposures:500 ppm).
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Figure E-33 Gajin versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number 4; NiPc Thin-film (6,200 Angstroms Thick): Temperature of 150 degrees
Centigrade: Ammonia Challenge Gas (All Exposures:500 ppm).
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22 Phase Angle (deg) versus Frequency (Hz)
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Figure E-34. Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsenisor
Number 4; NiPc Thin-film, (6,200 Angstroms Thick); Temperature of 150 degrees
Centigrade; Ammonia Challenge Gas (All Exposures:500 ppm).
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Figure E-35 Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number 8; NiPc Thin-film (12,500 Angstroms Thick). Temperature of 150 degrees
Centigrade: Ammonia Challenge Gas (All Exposures: 500 ppm).
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Phase Angle (deg) versus Frequency (Hz)
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Figure E-36 Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 8: NiPc Thin-film (12,500 Angstroms Thick); Temperature of 150
degrees Centigrade: Ammonia Challenge Gas (All Exposures: 500 ppm).
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Figure E- 37. DC Resistance Measured Between the Driven-Electrodc and Floating-Electrode ofth~e [GE Array.
During Series of Purges and Challenge Gas Exposures. The Number of Measurements (at crosses)1 is 262. The
Testing Conditions hicluded the Folloswing:

[GE Array Number 1. Thin-film Material Nickel Phthalocyaninc.
Thin-film Thickness 2.6W( Anestroms Test Teniperaturet s) Purge & Challenge at 150'C

Purge Gas Room Air. Challenge Gas BF3.
Challenge Gas Concentration(s) (in order run): 105 ppm. 24 ppm.

2Hi

THIS IGE FAILED

Tie2-ainHours 2

Figure E- 38. DC Resistasnee Measured Between the Driven-Electrode and Floaiting-Electrode of the [GE An-a) -

During Series of Purges and Challenge Gas Exposures. The Number of Measuretment!, (at crosses) is 262. The
Testing Conditions Included the Following:

[GE Array Number :2. Thin-film Material Nickel Phthalocvanitie.
Thin-film Thickness :2.600 Angstroms Test Temperaturcs Purge & Challenge at I 50'C

Purge Gas Room Air. Challenge Gas BF3.
Challenge Gas Concentration(s) (in order run): 105 ppm. 24 ppm.
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Figure E- 39 DC Resistance Measured Between thc Drivcn-Ele~ctrodc and Floatine-Electrode of the IGE Amid .
During Series of Purges and Challenge Gas Exposures. The Number of Measurements (at crosses) is 26Z. The
Testing Conditions CIcluded the Follow ing:

IGE Arrno. Number 3. Thin-film Material Nickel Phthulocanine.
Thin-Ijili Thickness :2.600. Angstroms Test Temperature( s) Purge & Challenge at 150'C

Purge Gas Room Air. Challenge Gas BF3.
Challenge Gas Concentrations) (in order run): lOSppm. 24ppmn.

Time4 in, Ho~rs

Figure E- 40 .DC Resistance Measured Between the Driven- Electrode and Floating-Electrode of the IG E Array.
During Series o1 Purges and Challenge Gas Exposures. The Number ol1 Measuremcnts (at crosses) is 262. The
Testing Conditions Included the Follow usg:

ICE Array Number 4. Thin-film Material :Nickel Phthaloesanine.
Thin-film Thickness =6.200 Angstroms Test Temrperature(s) Purge & Challenge at 150'C

Purge Gas Room Air. Challenge Gas BF3.
Challenge Gas Concentration(s) (in order run): 115 ppm. 24 ppm.
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Figure E- 41 DC Resistance Measured Between the Driven-Electrode and FlOating-Electrxte of the IGE Ary,
During Series ot Purges and Challenge Gas Exposures. The Number of.\Measurements (at crosses) is 262. The
Testing Conditions Included the Following:

IGE Anray Number 5 . Thin-film Material Nickel Phthaloc~anine.
Thin-film Thickness :6.200 Anestroms Test Temperaturets) Purge &Challenge at 150:C

Purge Gas Room Air, Challenge Gas BF3.
Chalicnee Gas Concenrationtst tin order run): lOSppm. 24 ppm.

T.6 m.r Hors

Figure E- 42 DC Reststance Measured Between the Driven-Electrode and Floating-Electrode of the IGE Array.
Durint, Series of Purges and Challenge Gas Exposures. The Number of Measurements tat crossest is 262. The
Testing Conditions Included the Following:

ICE Array Number 6. Thin-film Material :Nickel Phithalocsanine.
Thin-film Thickness :6.200 Angstroms Test Temperaturetst Purge &Challenge at I50*C

Purge Gas :Room Air. Challenge Gas BF3.
Challenge Gas Concentrations) (in order run): 105 ppm. 24 ppm.
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Figure E- 43 .DC Resistance Measured Between the Driven-Electrode and Floating-Electrode of the IGE Arra%.
During Series of Purges and Challenge Gas Exposures. The Number of M.eabut-ements. (at crosses) is 262. The
Testing Conditions Included the Following:

IGE Array Number :7. Thin-film Material Nickecl Phthaliscyanine.
Thin-film Thickness 12.500 Angstroms Test Temperiturets Purge & Challenge at l50*C

Purge Gas Room Air. Challenge Gas BFS,.
Challenge Gas Concentration(s) (in order run): 105 ppm. 24 ppm.

Figure E- 44 DC Resistance Measured Between the Driven-Electr~ode and Floiting-Electrode ol the ICE An-as.
During Series of Purges and Challetnge Gas Exposures. The Nutnber 01 Mcisuretients (ut crossesj is 262. The
Testing Conditions Inc luded the Follow~ ing:

IGE Arru% Number 1.Thin-film.Material Nickecl Phthukxcsanitic.
Thin-film Thickness 12.5Wfl Angstroms Test Temperatures) Purge & Challenge it 150'C

Purge Gas Room Air. Challenge Gus BF3.
Challenge Gas Conc en trat ionbs)i tin order run) . OS ppm. 2.4ppm.
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Fieure E- 45. DC Resistance Measured Between the Driven-Elecctrode and Floating-Electrode of the IGE Array.
During Series of Purges and Challenge Gas Exposures. The Number of Mcasuremen-s (at crosses) is 262. The
Testing Conditions Included the Following:

IGE Arrmy Number 9. Thiri-tilmn Material Nickel Phthalocvanine.
Thin-film Thickness 12.500 Angstroms Test Temperatuteis) Purge & Challcnge at I 50*C

Puree Gas Room Air. Challenge Gm. BF3.
Challenge Gas Concentrationts) Cmn order run): 105 ppm. 24 ppm.
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Figure p.., 6 Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room k;r~ rges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number 1; NiPc Thin-film (2.600 Angstroms Thick), Temperature of 150 degrees
Centigrade; Boron Trifluoride Challenge Gas (All Exposures: 105 ppm).
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Figure E-47. Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 1; Nidc Thin-film (2,600 Angstroms Thick); Temperature of 150
degrees Centigrade; Boron Trifluoride Challenge Gas (All Exposures: 105 ppm).
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Figure E-48. Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number 4; NiPc Thin-film (6,200 Angstroms Thick); Temperature of 150 degrees
Centigrade: Boron Trifluoride Challenge Gas (All Exposures: 105 ppm).
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Figure E-49. Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 4: NiPc Thin-film (6,200 Angstronms Thick): Temperature of 150
degrees Centigrade:. Boron Trifluoride Challenge Gas (All Exposures: 105 ppm).
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Figure E-50 . Gain versus Frequency Response of IGEFET Microsensor for a Series of
Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE Microsensor
Number 8: NiPc Thin-film (12,500 Angstroms Thick); Temperature of 150 degrees
Centigrade: Boron Trifluoride Challenge Gas (All Exposures: 100 ppm).
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Figure E-51 Phase Angle versus Frequency Response of IGEFET Microsensor for a
Series of Room Air Purges and Challenge Gas Exposures. Testing Conditions: IGE
Microsensor Number 8; NiPc Thin-film (12,500 Angstroms Thick); Temperature of 150
degrees Centigrade: Boron Trifluoride Challenge Gas (All Exposures: 105 ppm).
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Section 2

This section summarizes dc resistance versus time plots for the NiPc
films exposed separately to DMMP (Figures E-52 to E-54) and DIMP
(Figures E-55 to E-57) at three temperatures: 150°C; 90°C, and 30'C.
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Figure E-52 DC Resistance Measured Between the Driven-Electrode and
Floating-Electrode of the IGE Array, During Series of Purges and Challenge Gas
Exposures. The Testing Conditions Included the Following:

IGE Array Number : 7,
Thin-film Material : Nickel Phthalocyanine,

Thin-film Thickness : 6800 Angstroms
Test Temperature(s) Initial Purge & Challenge at 150°C, Second Purge

& Challenge at 90°C, Third Purge and Challenge at 300C,
Purge Gas Room Air,

Challenge Gas DMMP,
Challenge Gas Concentration(s) (in order run): 10 ppm.
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Figure E- 53 DC Resistance Measured Between the Driven-Electrode and
Floating-Electrode of the IGE Array, During Series of Purges and Challenge Gas
Exposures. The Testing Conditions Included the Following:

IGE Array Number : 8,
Thin-film Material : Nickel Phthalocyanine,

Thin-film Thickness : 6800 Angstroms
Test Temperature(s) Initial Purge & Challenge at 150*C, Second Purge

& Challenge at 90°C, Third Purge and Challenge at 30°C,
Purge Gas : Room Air,

Challenge Gas : DMMP,
Challenge Gas Concentration(s) (in order run): 10 ppm.
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Figure E- 54 DC Resistance Measured Between the Driven-Electrode and
Floating-Electrode of the IGE Array, During Series of Purges and Challenge Gas
Exposures. The Testing Conditions Included the Following:

IGE Array Number : 9,
Thin-film Material : Nickel Phthalocyanine,

Thin-film Thickness : 6800 Angstroms
Test Temperature(s) : Initial Purge & Challenge at 150°C, Second Purge

& Challenge at 90'C, Third Purge and Challenge at 30"C,
Purge Gas : Room Air,

Challenge Gas DMMP,
Challenge Gas Concentration(s) (in order run): 10 ppm.
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Figure E- 55 . DC Resistance Measured Between the Driven-Electrode and
Floating-Elcctrode of the IGE Array, During Series of Purges and Challenge Gas
Exposures. The Testing Conditions Included the Following:

IGE Array Number : 7,
Thin-film Material : Nickel Phthalocyanine,

Thin-film Thickness : 6800 Angstroms
Test Temperature(s) : Initial Purge & Challenge at 150"C, Second Purge

& Challenge at 900C, Third Purge and Challenge at 300 C.
Purge Gas : Room Air,

Challenge Gas : DIMP,
Challenge Gas Concentration(s) (in order run) : 3 ppm.
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Figure E- 56 DC Resistance Measured Between the Driven-Electrode and
Floating-Electrode of the IGE Array, During Series of Purges and Challenge Gas
Exposures. The Testing Conditions Included the Following:

IGE Array Number : 8,
Thin-film Material : Nickel Phthalocyanine,

Thin-film Thickness : 6800 Angstroms
Test Temperature(s) : Initial Purge & Challenge at 150"C, Second Purge

& Challenge at 90"C, Third Purge and Challenge at 30'C,
Purge Gas : Room Air,

Challenge Gas : DIMP, -'

Challenge Gas Concentration(s) (in order run): 3 ppm.
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Figure E- 57 .DC Resistance Measured Between the Driven-Electrode and
Floating-Electrode of the IGE Array, During Series of Purges and Challenge Gas
Exposures. The Testing Conditions Included the Following:

IGE Array Number :9,
Thiin-film Material :Nickel Phthalocyanine,

Thin-film Thickness :6800 Angstroms
Test Temperature(s) :Initial Purge & Challenge at 1 50'C, Second Purge

& Challenge at 900C, Third Purge and Challenge at 300C,
Purge Gas :Room Air,

Challenge Gas :DIMP,
Challenge Gas Concentration (s) (in order run): 3 ppm.
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